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(57) ABSTRACT

A method of monitoring a functional state of an electricity
meter, includes generating at least one temperature signal
from which an actual temperature value of the electricity
meter can be derived; determining whether the actual tem-
perature value and/or a gradient thereof exceeds at least one
threshold value derived from at least one predefined tem-
perature curve representing predefined temperature values
of the electricity meter over time according to a modelled
thermal behaviour of the electricity meter. Further, a com-
puter program, a computer-readable data carrier having
stored thereon a computer program, a data carrier signal
carrying a computer program, and an electricity meter
configured to carry out the computer program are described.
Finally, an electricity metering system, in particular an
Advanced Metering Infrastructure, includes at least one
electricity meter and/or at least one administration device
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configured to carry out a method of monitoring a functional
state of an electricity meter.

17 Claims, 12 Drawing Sheets

(56)

2003/0146758

2008/0094231
2011/0218688

2013/0088799
2013/0261833

2014/0225737
2016/0091904

2017/0363441
2018/0003572
2021/0055348

References Cited

U.S. PATENT DOCUMENTS

Al*  8/2003 Koike ..o
Al 4/2008 Hohn et al.

Al* 9/2011 Lentner ..............
Al 4/2013 Zeller

Al* 10/2013 Meghani .............
Al 8/2014 Brown et al.

Al* 3/2016 Horesh .............
Al* 12/2017 Carpenter ...........
Al*  1/2018

Al*  2/2021

OTHER PUBLICATIONS

.. GOIF 1/6965

324/453

HO02J 1/14
700/292

G06Q 10/10
700/297

GO5D 23/1904
700/276
GO1D 4/002

... GO1K 13/00

GOIR 31/367

Office Action, European Patent Application No. 18194512.2, dated
Dec. 14, 2020, 6 pages.

* cited by examiner



U.S. Patent May 9, 2023 Sheet 1 of 12 US 11,644,492 B2

21,21a

(22
21,21e— " 10
21,21 201 M~21210

e —— —— 2 #d
N2 7 LT 16 rv 2121m

17a -~ 1
21,21 1 | LA 14140, B 21,21k

wE

14,14d 16a
14148 _H—1 ™70 | L2 w2121

1212a_ | o1 ™ (o] [0 o)
Bile Sl AR O

/ \
}MI—W-A 1212b | 12,12d| =
9,9a

I’v\/\ NS AN N NN S NN N A A VAN AL

Ny
9,9b 9,9d




U.S. Patent May 9, 2023 Sheet 2 of 12 US 11,644,492 B2

10a AN | Vs




US 11,644,492 B2

Sheet 3 of 12

May 9, 2023

U.S. Patent

(M) Buneaq —-—
() aunjesadwsy Jojopy ——

(M) Buneay

04

(s) swrL

Ol -

0¢-

0¢

Ot -

0G-

09-

GZL'00EL

€oel

¢0€D

e e e e et s s e s e s o e o e s e . e . o e e e e e )

¢0€EpP

~——0011

() anjesadwa]

-08

-06




US 11,644,492 B2

Sheet 4 of 12

May 9, 2023

U.S. Patent

(s) swiy
0. 09 0S or 0 0z 0l 0
0 | | _ ! : . 0
(M) Bupeoy ——— L0V
() MM Z = Y - ainjesedwa | —— | | 107D /
(D) MM | = ¥ - einjesadwa | —— ¢ | “ / |--or
(D) MY §°0 = ¥ - anjesadwio | — — L _ﬁ
¥ oA | _ ‘ ¢ “
ervn. 007 0N Teipp lerLierLibpL &.._8:
i . N7 s
W ]
= 3
- G
-0
- 05
—CLYP
-09




US 11,644,492 B2

Sheet 5 of 12

May 9, 2023

U.S. Patent

G 0i4

(s) swny
A >>v mcwmmI S 0 0L O_O O.m O.? O_m O_N O_r 0 0
(0) i 01 = WO - eunjesedwa] —— 10S
() Y G = WO - ainjessduin] —— g
(0) W 2 = W - eunjeseduia) —— ¢ 59 W /
‘Tol

(9) ainesedwa |

S —
10
0

£eqD €EGL €cal = — LT
\\ \ - 016l
2650 \\ ,
760D Zeap



US 11,644,492 B2

Sheet 6 of 12

May 9, 2023

U.S. Patent

9 'bi4
s) ® ‘170 ¢
(M) Wyo 5000°0=¥ -Bupesy —-— €19 (s) ouiL eIl 19
(M) wyo 100°0=Y -Bunesy ——— o % o o i o % o / oo
(M) W40 G000y Bugesy ——— 0 rfuu.l!l!&!!ﬁ-!i};!mmmm..rmmt@@lh.
(D) WYO Z000'0 = Y - SImesedws] — omm\.ﬂwnlnlnnrxnln/nnIJ" P 1 Lol
(0) wyo 4000 = 4 - aimpesedwa] — OV mrmmm@/; €9 a9 N. w.mi/.w-- |
(9) Wy S00°0 = N - anjessdws] — — —_—— lyffmn_vmn._hn _ 7191 NS
1[0 e N RV 14 ~a
0Z - e T e ——— i Log
= , mx ov 3
2 0g- oo NN@._. | 3
@ i | 0S5
= | | S
of - | I Lo9
| | Lo
0G- ” “
! 1 r08
— 2P
09- | 06

geop  €29p A% )Y ¢eop



US 11,644,492 B2

Sheet 7 of 12

May 9, 2023

U.S. Patent

(s) swny
o..\. o_w o.m o.# o.m o_ 4 o_ } 0 0
VELLVZLL ML Ly,
80ue)ioeded [BULIBY) JOBLIOOU| e
[EUILION =eeerem
39UB)SISa [BULIAY) 19aL0U| ——— ~—00lL
oo A )
. 3
€1L0 g
GZL ‘00€L ‘0bLL 3
TARVATI
GZL‘08LL
—elp




U.S. Patent May 9, 2023 Sheet 8 of 12 US 11,644,492 B2

- Mlolalo

31, S1a S1,S1b

@¢@9¢¢
56

—

<B-B---de-e

-l
il

@
>

11
Q
oo



U.S. Patent May 9, 2023 Sheet 9 of 12 US 11,644,492 B2

RS1

A
l
l
I
|

-l
- ) [ |0 =
w N

A
N |
-
(o))

RS5 -~ —

@ RSS

|
) Y S HP




U.S. Patent May 9, 2023 Sheet 10 of 12 US 11,644,492 B2

Fig. 10
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Fig. 11
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1
ELECTRICITY METER THERMAL
PERFORMANCE MONITORING

The present invention relates to a method of monitoring a
functional state of an electricity meter. Further, the present
invention relates to a computer program for monitoring a
functional state of an electricity meter. Furthermore, the
present invention relates to a computer-readable data carrier
having stored thereon a computer program according to the
present invention, and to a data carrier signal carrying a
computer program according to the present invention. More-
over, the present invention relates to an electricity meter
configured to carry out the computer program according to
the present invention. Finally, the present invention relates
to an electricity metering system, in particular an Advanced
Metering Infrastructure (AMI), comprising at least one
electricity meter according to the present invention.

TECHNOLOGICAL BACKGROUND

Methods for monitoring functional states of electricity
meters are known from the prior art. Such methods are
commonly used for monitoring, whether an electricity meter
is functioning properly. In particular, faulty conditions of
electricity meters should be identified in order to prevent
hazardous events. Faulty conditions may occur, e.g. by
self-heating of the electricity meter due to overload or
malfunction in micro-electronic circuits of the electricity
meter, due to excessive current flow or malfunction in a
main internal busbar and associated electrical terminals of
the electricity meter, or due to environmental impacts on the
electricity meter, such as excessive temperatures in the
surroundings of the electricity meter, which may be caused
by sunlight or other heat sources, such as pipes of heating
systems, or alike.

WO 2013 006901 Al on behalf of the applicant of the
present invention describes a method and apparatus for
monitoring the condition of a utility meter by obtaining a
temperature value associated with the meter, determining
whether the temperature value crosses a threshold, trigger-
ing an action if the threshold value is crossed. In another
form the temperature can be used as a fault parameter to
determine the condition of a utility meter.

WO 2016 066373 Al on behalf of the applicant of the
present invention relates to a method of determining a
reduction of remaining service lifetime of an electrical
device during a specific time period. A measurement system
is provided comprising a temperature measurement device,
a current measurement device and a voltage measurement
device. A temperature value, voltage values and current
values are measured by using the measurement device. A
harmonic load is determined based on the current values. A
reduced maximum operating temperature is determined
based on the harmonic load. An amount of transient over-
voltages is determined based on the voltage values. A
transient aging factor is determined based on the amount of
transient over-voltages. A temperature dependent aging fac-
tor is determined based on the temperature value and the
reduced maximum operating temperature. Finally, the
reduction of remaining service life is determined based on
the specific time period, the transient aging factor and the
temperature dependent aging factor.

Furthermore, U.S. Pat. No. 6,847,300 B2 describes an
electric power meter including a temperature sensor and a
controller. The controller is operable, based on the tempera-
ture reported from the temperature sensor, to generate
alarm(s) when the temperature exceeds certain alarm thresh-
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0ld(s), and to activate a power disconnect switch, thereby
shutting off power to customer premises, when the tempera-
ture exceeds a shut off threshold. The controller is operable
to activate the power disconnect switch for non-payment of
electricity cost, subject to secondary criteria based on regu-
latory requirements. A customer terminal may be used to
notify a customer of an alarm condition, to provide infor-
mation regarding electrical power usage or to provide infor-
mation regarding disconnection of electrical power.

EP 1 980 862 A2 describes a meter having an interface
that is connected to a temperature sensor, i.e. temperature-
dependent resistor, by a wireless transmission circuit. A
processor includes a saving unit for saving temperature data
into a memory at pre-set time intervals or based on events
registered in the processor, where the temperature data are
provided with time information. The processor produces an
alarm signal, which is applied to an interface or an interface
contact, if a maximum temperature value is exceeded.

U.S. Pat. No. 7,716,012 B2 deals with a process moni-
toring method that aggregates monitoring devices and
optionally sensors into one or more groups that are each
related to a process of a utility system. The monitoring
devices are organised into a monitoring system hierarchy
manually or automatically. A process algorithm determines
from the hierarchy which monitoring devices are connected
to a load. Monitored data from load-connected monitoring
device pairs are correlated to produce a correlation coeffi-
cient that is compared against a correlation threshold
selected between 0 and 1. When the correlation coefficient
exceeds the threshold, the device pair is grouped into a
process group. Other device pairs exceeding the threshold
are likewise grouped into the process group. Multiple pro-
cesses may be determined with the process algorithm. Sen-
sors may also be grouped manually with the process group
containing monitoring devices, which may include virtual
monitoring devices. Alarms associated with monitoring
devices and sensors are aggregated into one process alarm.

Methods for monitoring functional states of electricity
meters according to the prior art have the disadvantage that
they rely on the assessment of temperature differences and
gradients with respect to certain pre-defined thresholds. This
renders known methods as well as devices and systems
implementing such methods rather inflexible.

DESCRIPTION OF THE INVENTION

An object of the present invention is to solve or at least
mitigate disadvantages of methods for monitoring functional
states of electricity meters according to the prior art. In
particular, it is an object of the present invention to provide
a method for monitoring functional states of electricity
meters as well as respective devices and systems therefore,
which may be easily adapted to respective operating condi-
tions.

This object is achieved by method, computer program,
computer-readable data carrier, data carrier signal, electric-
ity meter, and electricity metering system according to
independent claims 1, 12, 13, 14, 15, and 16, respectively.

In particular, according to the present invention, the object
is achieved by a method of monitoring a functional state of
an electricity meter, in that the method comprises the steps
of:

generating at least one temperature signal from which an

actual temperature value of the electricity meter can be
derived;

determining whether the actual temperature value and/or

a gradient thereof exceeds at least one threshold value
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derived from at least one predefined temperature curve
representing predefined temperature values of the elec-
tricity meter over time according to a modelled thermal
behaviour of the electricity meter.

With a computer program for monitoring a functional
state of an electricity meter, the object is achieved in that the
computer program comprises instructions which, when the
computer program is executed by an electricity meter and/or
an administration device in an electricity metering system,
cause the electricity meter and/or the administration device
to carry out the steps of a method according to the present
invention.

A computer-readable data carrier according to the present
invention has stored thereon a computer program according
to the present invention.

A data carrier signal according to the present invention is
carrying a computer program according to the present inven-
tion.

An electricity meter according to the present invention
achieves the object in that the electricity meter is configured
to carry out a method according to the present invention.

The object is achieved by an electricity metering system,
in particular an AM], in that the metering system comprising
at least one electricity meter according to the present inven-
tion and/or at least one administration device configured to
carry out a method according to the present invention.

These solutions according to the present invention have
the advantage over monitoring technologies known from the
prior art that not only temperature differences and gradients
with respect to certain pre-defined thresholds are monitored,
but an additional dimension is added to the monitoring
process in that temporal effects of temperatures relating to
operational states and conditions of electricity meters are
considered. In other words, according to the present in
invention, a dynamic behaviour of temperature values and/
or temperature gradients is monitored as they are based on
temperatures curves as functions of time in correspondence
with a respective thermal behaviour of a certain type of
electricity meter, rather than merely monitoring whether
temperatures values or temperature gradients exceed certain
nominal values according to the prior art. Thereby, the
present invention allows for early detection of overheating
in an electricity meters, and potentially other electronic
devices, due to fault conditions.

By using at least one temperature curve according to the
present invention, a change of the respective temperature
value can be monitored over time according to an individual
performance of an electricity meter as it may change over
time, instead of assuming general or common performance
parameters of electricity meters as done according to the
prior art. The present invention allows for considering
certain timespans of the course of temperature values and/or
temperature gradients to be monitored, and thus allows to
adapt the threshold values according to certain events, load
conditions, operational conditions, and/or environmental
conditions of the electricity meter within these time spans.

Thereby, on the one hand, the solutions according to the
present invention enable to increase accuracy of the moni-
toring in that the dynamic consideration of predefined tem-
perature curves allows for setting tighter thresholds for
temperature values and/or gradients than possible with static
thresholds as used according to the prior art. On the other
hand, the solutions according to the present invention enable
to increase accuracy of the monitoring in that the thermal
behaviour itself and thus the at least one predefined tem-
perature curve may be readjusted over time, thereby pro-
viding moving or rolling thresholds or limits for respective
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4

temperature values and/or temperature gradients in a manner
like moving means or averages are applied to time series of
data points. Thus, flexibility and adaptability of the moni-
toring process are enhanced.

The solutions are not limited to monitoring electricity
meters themselves but are also directed to a detection of
faulty electrical lines or cabling connected to electricity
meters. Such conditions can occur, when fixing elements,
such as screws, in electrical terminals to which the electrical
lines are attached, are overtightened, not tightened well
enough, or an insulation of the electrical lines is not removed
properly. In case of overtightening, the electrical lines may
be damaged e.g. such that their diameter is significantly
reduced, and/or their strands are disrupted. In case of not
well enough tightened or stripped electrical lines, the contact
area between the line and the terminal can be significantly
reduced. Both cases may result in high resistance contacts,
which can cause an overheating that can be detected by
solutions according to the present invention.

The solutions according to the present invention can be
combined as desired and further improved by the following
embodiments that are advantageous on their own in each
case. Unless specified to the contrary, the embodiments can
be readily combined with each other. A skilled person will
easily understand that all apparatus features of devices and
systems according to the present invention may as well be
implemented as and/or constitute steps of a method and/or
computer program according to the present invention and
vice versa.

In a possible embodiment of method according to the
present invention, the method further comprises the step of
generating a trigger signal if the actual temperature value
and/or a gradient thereof exceeds the at least one threshold
value. The trigger signal may be used to influence the
operational state or operational conditions of the electricity
meter, and may be further used to signalise a faulty state of
the electricity meter, e.g. by creating an error signal.

For example, the operational state may be influenced by
switching off an electrical load applied to the electricity
meter, in order to reduce heat generation within and/or
around the electricity meter. An operational condition of
electricity meter may be influenced for example by provid-
ing an interior and/or exterior heat sink for the electricity
meter, e.g. in the form of a cooling fan, in order to lower an
actual temperature within and/or around the electricity meter
to a desired value. Respective signals representing the
change in the operational state and/or operational condition,
as well as error signals may be logged within the electricity
meter and/or send to a higher instance administration device,
such as a data concentrator or Head-End System (HES) of an
electricity metering system, in order to be processed and
made available for data analysis and decision-making, Alter-
natively, or additionally, the electricity meter may send or
receive information to or from a higher instance device,
respectively, such as instructions for changing the opera-
tional state or operational conditions, the adjustment of
temperature curves and/or threshold values, or alike. This
helps in further improving flexibility and accuracy of moni-
toring functional states of electricity meters.

Moreover, a derivation and/or adaptation of threshold
values for triggering signals according to the present inven-
tion helps in improving reaction time in solutions for moni-
toring functional states of electricity meters in comparison to
the prior art. According to the prior art, thresholds are set
such that they allow for detecting a worst-case thermal
perform for a normally functioning meter, and hence, trig-
gering signals will not be generated until a worst case
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normal condition is exceeded. In contrast to that, according
to the present invention, varying thresholds are being con-
tinually computed for any given instant in time, Thus, the
present invention allows for detecting a fault condition
sooner as the prior art, when a measured performance of the
electricity meter exceeds an expected performance for a
given set of operational parameters of the electricity meter.

In a possible embodiment of a method according to the
present invention, the method further comprises the step of
adjusting the at least one temperature curve and/or to select
the temperature curve from a set of predefined temperature
curves according to a certain operational state and/or accord-
ing to a certain operational condition of the electricity meter.
Adjustment of the at least one temperature curve may
involve calculating intermediate values between two adja-
cent predefined temperature curves. Different operational
states may include various modes of operating the electricity
meter, for example whether the electricity meter is in an idle
mode, a standby mode, a standard mode, a data receiving
and/or sending mode, a data processing mode, a firmware
update mode, or alike. Different operational conditions may
also include different environmental conditions of electricity
meter, in particular an ambient temperature, airflow, and/or
thermal radiation in the surroundings of the electricity meter.

Operational states may further be distinguished from
faulty states of the electricity meter, such as when an error
in hardware and/or software of the electricity meter occurs.
In distinguishing the operational states from the faulty
states, the functional state of the electricity meter may be
assessed. By adjusting the at least one temperature curve
and/or selecting the temperature curve from a set of pre-
defined temperature curves, the determination of whether a
threshold value is exceeded, can be based on a specific
temperature curve representing a respective operational state
and/or respective operational conditions. Threshold values
for determining, whether the electricity meter has entered a
faulty state can be adjusted accordingly. This helps in further
improving accuracy and reliability of the monitoring of
functional states of the electricity meter.

In a possible embodiment of a method according to the
present invention, the method further comprises the step of
identifying at least one point of interest in the at least one
temperature curve. Points of interest may relate to certain
operational conditions of the electricity meter, such as a
steady state, load changes, heating or cooling conditions and
large variations in thermal energy generation. In defining the
points of interest, specific thermal behaviours of the elec-
tricity meter may be closely monitored, such as by an
increased density of predefined temperature values of the at
least one predefined temperature curve and/or an increased
rate of sampling temperature signals, which helps to better
define and detect certain thermal phenomena in a differen-
tiated manner. Thereby, accuracy and reliability of the
monitoring of the functional state of the electricity meter can
be further improved.

In a possible embodiment of a method according to the
present invention, an electrical resistance in a primary
current path within the meter is associated to the at least one
predefined temperature curve and/or derived from the actual
temperature value and/or gradient thereof. The primary
current path may comprise a bus bar a shunt, a switch or
alike. The electrical resistance in the primary current path
determines heat generation along the primary current path
according to a respective electrical load on the primary
current path. Hence, in associating the at least one pre-
defined temperature curve to an electrical resistance in the
primary current path, the at least one predefined temperature
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curve may become a function of the electrical load on the
primary current path under the respective electrical resis-
tance. The actual temperature value and/or gradient thereof
can be used to determine the electrical resistance of the
primary current path. Thereby, critical electrical resistances
of the primary current path may be identified. This helps in
further improving accuracy and reliability of the monitoring
of functional states of electricity meters, since temperature
abnormalities in high current mains connected devices, such
as overheating, may be a first indicator of a fault that could
lead to fire or device disintegration.

In a possible embodiment of a method according to the
present invention, the method further comprises the step of
establishing at least one thermal model for modelling the
thermal behaviour of the electricity meter, the at least one
thermal model comprising the at least one predefined tem-
perature curve. Such a thermal model may be implemented
in any kind of computer software, such as a firmware of an
electricity meter and/or an operating software of an admin-
istration device in an electricity metering system. The ther-
mal model is used to model thermal behaviour of the
electricity meter or any other electrical device and may
comprise one or more thermally active elements or compo-
nents of the electricity meter, the thermal behaviour of which
is modelled in order to estimate power dissipation and
therefore the amount of heating due to both micro-electronic
circuits and heating due to current flow in main current
paths. Machine learning may then be applied to the output
of'the model to tune configuration parameters of the thermal
model in order to adapt the thermal model to certain opera-
tion conditions and operational states of the electricity
meter.

For example, input parameters of the thermal model
comprise the following:

heating due to heat generation in micro-electronic cir-

cuits;

heating based on current flow and resistance in a primary

current path

heating due to ambient environment, e.g. other heat

generating installations or devices in the vicinity of the
electricity meter, or direct sunlight shining onto the
electricity meter;

currently measured absolute actual temperature or tem-

perature gradient; and/or

estimated (or measured) external ambient temperature.

For example, output parameters of the thermal model
comprise the following:

predefined Temperatures, temperature gradients and/or

temperature curves; and/or

time spans until the electricity meter or thermally active

elements or components thereof reach points of interest
in the temperature curves, such as certain thermal
states, e.g. steady states or alike.

Such outputs of the thermal model are preferably con-
tinuously calculated, for example every tenth of a second,
every second and/or every minute. Due to variability in
estimated input parameters, the thermal model may be
calculated multiple times with different possible minimum
and maximum values to determine a range of possible output
parameters. The output parameters may be used to perform
certain actions in the course of determining whether the
actual temperature value and/or a gradient thereof exceeds at
least one threshold value.

For example, based on a comparison between a measured
or estimated actual temperature gradient and a predefined
temperature gradient, it may be determined whether:
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the electricity meter or an element or component thereof

has a fault;

model parameters of thermally active elements or com-

ponents require adjustment;

a measured or estimated external ambient temperature

require adjustment; and/or

a temperature sensor requires adjustment.

For example, based on a comparison between a measured
or estimated actual temperature value and a predefined
temperature value, it may be determined whether:

the electricity meter or an element or component thereof

has a fault;

model parameters of thermally active elements or com-

ponents require adjustment;

a measured or estimated external ambient temperature

requires adjustment; and/or

a temperature sensor requires adjustment.

For example, when the electricity meter is in a steady state
with a low load condition, it may be determined whether:

model parameters of thermally active elements or com-

ponents require adjustment;

a measured or estimated external ambient temperature

requires adjustment; and/or

a temperature sensor requires adjustment.

Any deviations or differences between actual values and
predefined values, i.e. between model output parameters and
measured and/or estimated values of the respective param-
eters may indicate a modelling error and/or a faulty condi-
tion of the electricity meter, and are tracked over time,
preferably long term, to determine based on further process-
ing of the parameters, if any kind of trend, pattern or
correlation hinting to a specific modelling, software and/or
hardware error, can be identified.

In a possible embodiment of a method according to the
present invention, upon identification of certain errors,
trends, patterns or correlations between the actual tempera-
ture value and/or the gradient thereof, and the at least one
predefined temperature curve, at least one parameter of the
thermal model is automatically adjusted by machine learn-
ing.

Preferably, in the course of identification, errors due to
faulty conditions are distinguished from incorrectly set
configuration parameters or external effects and operating
conditions, such as heating from sources outside of the
electricity meter. For example, a logic implemented for
identifying and distinguishing certain errors, trends, patterns
or correlations from each other in a machine learning
process to be carried out as a part of a method according to
the present invention, may be based on the following:

considering certain astronomical and seasonal effects cor-

responding to a certain time of day and time of year,
respectively;

determining if there is a low load condition;

comparing parameters and values to respective historical

parameters and values, in particular transient thermal
responses of the electricity meter;

determining if operating states relating to a primary

current path have changed, in particular due to changes
in a metered electrical load;

determining if operating states relating to microelectronic

circuits have changed; and/or

determining if a cooling-off effect is at hand, e.g. due to

a drop of electrical load metered and/or applied to
microelectronic circuits.

When the process of identifying and distinguishing cer-
tain errors, trends, patterns or correlations from each other
determination is successful, the machine learning process
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will involve adjustment and/or change of parameters of the
model in such a way that the respective error or an unwanted
trend is reduced.

Whenever a machine learning process is applied, it should
be avoided that a respective system carrying out the machine
learning process draws false conclusions, i.e. accepts a
faulty state or condition as a new norm or reference. False
conclusions can be avoided by placing range limits on model
configuration parameters. If in the machine learning process,
it is attempted to modify a particular configuration param-
eter beyond its limits, then an exceptional condition is
indicated, and/or an alarm condition is raised. Thereby, a
machine learning monitoring logic is implemented, which
runs in parallel to the primary logic that triggers warnings
when the model output errors exceed certain thresholds.

In a possible embodiment of a method according to the
present invention, the step of establishing the at least one
thermal model includes the step of defining at least one
equilibrium state which the electricity meter assumes during
operation, the at least one equilibrium state representing a
thermal equilibrium of the electricity meter in dependence of
at least one electrical load running through the electricity
meter, and of environmental conditions existing in an envi-
ronment of the electricity meter. The at least one equilibrium
state may be based on a certain operational state of the
electricity meter, e. g. an electrical power condition of the
electricity meter based on a certain current flowing through
the electricity meter at a certain phase and voltage. Envi-
ronmental conditions may in particular refer to a tempera-
ture in the surroundings of the electricity meter and/or to
thermal radiation to which the electricity meter is exposed or
which is emitted from the electricity meter. The at least one
temperature curve can then be adjusted according to the at
least one equilibrium state. In particular, an equilibrium
temperature corresponding to the at least one equilibrium
state may be identified and/or defined. Threshold values to
be monitored may then be defined based on the respective
equilibrium temperature. This helps in further adapting the
threshold values to respective operational conditions of the
electricity meter, and thus to improve flexibility and accu-
racy of the monitoring of the functional state of the elec-
tricity meter.

In a possible embodiment of a method according to the
present invention, the step of establishing the at least one
thermal model includes the step of defining at least one
heating behaviour and/or at least one cooling behaviour of
the electricity meter based on at least one step response of
the electricity meter to a change in an operational and/or
functional state of the electricity meter. Step responses
particularly occur when operational conditions of the elec-
tricity meter suddenly change, such as when electrical power
applied to the electricity meter suddenly rises or falls, either
when the electrical load to be measured by the electricity
meter changes, or when electronic circuitry of the electricity
meter itself performs certain operations, including power on
or power off. Accordingly, the at least one heating behaviour
commonly relates to a rise in electrical power, whereas the
at least one cooling behaviour relates to a drop of electrical
power applied to the electricity meter. In considering these
behaviours, respective thresholds values to be monitored can
be adjusted, which helps in further improving flexibility and
accuracy of the monitoring of the functional state of the
electricity meter.

For example, the at least one functional step response
relates to a change of an electrical load on a bus bar of the
electricity meter. The bus bar or collecting bar of the
electricity meter carries the electrical power to be metered
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and is thus exposed to relatively high maximal currents and
voltages. Consequently, the bus bar is a critical component
to be monitored, since due to the relatively high loads,
failures on the busbar and related terminals can cause
hazardous conditions, including overheating, melting, arc-
ing or alike, of respective components, which on the one
hand may cause power failures, and on the other hand can
ignite fires. Thus, involving changes of the electrical loads
on the bus bar in the temperature model helps to further
improve accuracy and reliability of the monitoring of the
functional state of the electricity meter.

In a possible embodiment of a method according to the
present invention, the step of establishing the thermal model
involves the step of determining at least one thermal resis-
tance value and/or the step of determining at least one
thermal capacitance value of the electricity meter. The at
least one thermal resistance value serves for defining tem-
perature differences across the structure of the electricity
meter, and to model the thermal behaviour, e.g. a heat sink
behaviour, of the electricity meter and its ability to conduct
thermal energy as a reaction to being exposed to thermal
energy which may be generated on the inside of the elec-
tricity meter or in the surroundings thereof. The at least one
thermal capacitance value helps to define a thermal mass of
the electricity meter, and to model the thermal behaviour
thereof, in particular its ability to store thermal energy. The
at least one thermal resistance value and/or the at least one
thermal capacitance value may be applied to each thermally
active element or component of the electricity meter as a
respective modelling parameter of the thermal model to be
established. Thereby, the at least one thermal resistance
value and at least one thermal capacitance value help to
refine the thermal model of the electricity meter to provide
a precise understanding of the thermal behaviour of the
electricity meter and thus generate the at least one pre-
defined temperature curve. Consequently, the at least one
thermal resistance value and at least one thermal capacitance
value help to further improve accuracy and reliability of the
monitoring of functional states of the electricity meter.

In a possible embodiment of a method according to the
present invention, the step of establishing at least one
thermal model is carried out for at least two different types
of operating conditions of the electricity meter and/or at
least two different types of electricity meters. The at least
two different types of operating conditions may relate to
different load conditions and operational states of the elec-
tricity meter and/or to different functional states of the
electricity meter. In the different load conditions, different
electrical loads on the electricity meter may be considered.
As mentioned above, different operational states may
include various modes of operating the electricity meter, for
example an idle mode, a standby mode, a standard mode, a
data receiving and/or sending mode, a data processing mode,
a firmware update mode, or alike, and may further include
different environmental conditions of electricity meter, in
particular temperature, airflow, and/or thermal radiation in
the surroundings of the electricity meter. Operational states
are to be distinguished from faulty states of the electricity
meter, such as when an error in hardware and/or software of
the electricity meter occurs. This helps in further improving
accuracy and reliability of the monitoring of functional
states of the electricity meter.

Furthermore, establishing at least one thermal model for
at least two different types of electricity meters may involve
establishing a general thermal model for the at least two
different types of electricity meters. Alternatively, or addi-
tionally, an individual thermal model may be established for
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each one of the at least two different types of electricity
meters. Thereby, common and individual behaviours of
electricity meters may be considered when establishing
thermal models. On the one hand, this helps in improving
accuracy and reliability of the monitoring of functional
states of the electricity meter. On the other hand, efficiency
in establishing thermal models may be improved.

Based on the at least one thermal model being established
for at least two different types of operating conditions of the
electricity meter and/or at least two different types of elec-
tricity meters, a set of predefined temperature curves may be
generated, comprising temperature curves for respective
different operating conditions and/or different electricity
meters. Each of the predefined temperature curves of the set
of predefined temperature curves may represent a specific
thermal behaviour of an electricity meter or of different
electricity meters under respective operating conditions.
Hence, by selecting a predefined temperature curve from the
set of predefined to curves, the monitoring of the functional
state of the electricity meter may be easily adapted to
respective operational conditions as or different types of
electricity meters. This helps in further improving flexibility
and accuracy of the monitoring of functional states of
electricity meters.

BRIEF DESCRIPTION OF THE
ACCOMPANYING DRAWINGS

The invention will be described hereinafter in more detail
and in an exemplary manner using advantageous embodi-
ments and with reference to the drawings. The described
embodiments are only possible configurations in which,
however, individual features as described above can be
provided independently of one another or can be omitted.

In the drawings:

FIG. 1 shows a schematic diagram illustrating an exem-
plary schematic architectural illustration of an electricity
metering system comprising an electricity meter according
to an embodiment of the present invention, the electricity
meter being illustrated in a schematic front view;

FIG. 2 shows a schematic cross-sectional side view of an
electricity meter according to an embodiment of the present
invention in an operating environment of the electricity
meter;

FIG. 3 shows an exemplary thermal performance plot of
a thermal model according to the present invention for
modelling a thermal behaviour of an electricity meter;

FIG. 4 shows an exemplary diagram illustrating effects of
thermal resistance in a thermal model according to the
present invention for modelling a thermal behaviour of an
electricity meter;

FIG. 5 shows an exemplary diagram illustrating effects of
thermal capacitance in a thermal model according to the
present invention for modelling a thermal behaviour of an
electricity meter;

FIG. 6 shows an exemplary diagram illustrating effects of
electrical resistance in a primary current path of an electric-
ity meter considered in a thermal model according to the
present invention for modelling a thermal behaviour of an
electricity meter;

FIG. 7 shows an exemplary diagram illustrating model-
ling deviations which may occur when establishing a ther-
mal model according to the present invention for modelling
a thermal behaviour of an electricity meter;
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FIG. 8 shows an exemplary flowchart illustrating steps of
establishing a thermal model according to the present inven-
tion for modelling a thermal behaviour of an electricity
meter;

FIG. 9 shows an exemplary flowchart illustrating steps of
a runtime logic of an electricity meter when establishing a
thermal model according to the present invention for mod-
elling a thermal behaviour of an electricity meter;

FIG. 10 shows an exemplary flowchart illustrating steps
of a design time course thermal model discovery procedure
when establishing a thermal model according to the present
invention for modelling a thermal behaviour of an electricity
meter;

FIG. 11 shows an exemplary flowchart illustrating steps
of an installation time course thermal model discovery
procedure when establishing a thermal model according to
the present invention for modelling a thermal behaviour of
an electricity meter; and

FIG. 12 shows an exemplary diagram illustrating actual
temperature curves of three different electricity meters to be
emulated with a thermal model according to the present
invention.

WAYS OF EXECUTING THE INVENTION

FIG. 1 shows a schematic diagram illustrating an exem-
plary schematic architectural front view of an electricity
metering system 1 comprising an electricity meter 2 accord-
ing to an embodiment of the present invention. The elec-
tricity metering system 1 further comprises an administra-
tion device 3, such as a data concentrator or Head-End
system (HES) in the form of a computer, or alike, for
administrating and controlling the electricity metering sys-
tem 1. Control and administration of the electricity metering
system 1, in particular of the electricity meter 2 and the
administration device 3, is performed with the help of a
computer program 4.

The computer program 4 can be provided on a computer-
readable data carrier 5 configured to be accessed by the
electricity meter 2 and/or the administration device 3, Alters
natively, or additionally, the computer program 4 can be
provided as being carried on a data carrier signal 6. The data
carrier signal 6 or any other kind of data and/or information,
can be exchanged between the electricity meter 2 and the
administration device 3 via energy and/or information trans-
mission lines 7. The energy and/or information transmission
lines 7 may be established in a wired and/or wireless
manner. For receiving and sending data and information via
the energy and/or information transmission line 7, the elec-
tricity meter 1 is provided with a transmission means 8, in
the form of a wired or wireless communication line, antenna,
or alike. Furthermore, the electricity metering system 1
comprises electrical lines 9 in the form of cables or wires for
transmitting electrical power to be metered by the electricity
meter 2.

The electricity meter 2 comprises an enclosure 10, in the
form of a housing, case, shell or alike, for housing in various
components of the electricity meter 1. At a bottom section 11
of the enclosure 10, the electricity meter 2 is provided with
electrical terminals 12 for connecting the electrical lines 9 to
the electricity meter 2 in an electrically conductive manner.
In particular, an active input terminal 12a is configured to be
connected to a phase input line 9a, a neutral input terminal
125 is configured to be connected to a neutral input line 95,
an active output terminal 12¢ is configured to be connected
to a phase output line 9¢, and a neutral output terminal 124
is configured to be connected to a neutral output line 9d. The
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terminals 12 are mounted on a terminal block 13 of the
electricity meter 2. The terminal block 13 is held by the
enclosure 10 and is formed of a highly insulating material
and supports the terminals 12.

A bus bar 14 with high current carrying capacity and low
electrical resistance is provided within the electricity meter
2 as a primary current path for conducting electrical loads
from the input terminals 124, 1256 to the output terminals
12¢, 124d. The bus bar 14 has an active input section 14a, an
active linking section 145, an active output section 14¢, and
a neutral linking section 144. The active input section 14a
connects the active input terminal 124 to a resistive shunt 15.
The active linking section 146 connects the resistive shunt
15 to a supply disconnect switch 16, in particular a switch
input line 16a thereof.

The active output section 14¢ connects the supply dis-
connect switch 16, in particular a switch output line 165
thereof, to the active output terminal 12¢. The neutral linking
section 144 connects the neutral input terminal 125 to the
neutral output terminal 124.

A metering unit 17 of the electricity meter 2 comprising
metering means in the form of microelectronics is connected
to the busbar 14 in the region of the resistive shunt 15 used
for measuring current flow through the busbar 14 by con-
verting current to a proportional voltage. In particular, a
metering input line 174 of the metering means 17 is con-
nected to the resistive shunt 15 close to where the active
input section 14a is connected to the resistive shunt 15. A
metering output line 175 is connected to the resistive shunt
15 close to where the active linking section 144 is connected
to the resistive shunt 15.

A processing unit 18 of the electricity meter 2 comprises
at least one microelectronic primary processor, memory,
oscillator and/or supporting circuitry. A communications
unit 19 comprises communications microelectronics, such as
at least one transceiver or radio transmitter for communica-
tion via the transmission means 8. A power supply unit 20
of the electricity meter 2 comprises a power supply circuitry
and microelectronics for converting grid supply voltage to
voltages suitable for operating internal meter circuitry and
components, such as the supply disconnect switch 16, the
metering means 17, the processing unit 18, and the com-
munications unit 19.

Temperature sensors 21 are provided for generating tem-
perature signals and/or temperature values. The temperature
sensors 21 comprise a remote sensor 21a, external sensor
214, internal top sensor 2lc, internal front sensor 21d,
internal back sensor 21e, internal side sensor 21f, terminal
region sensor 21g, terminal block sensor 214, supply line
sensor 21/, input section sensor 21j, output section sensor
21k, linking section sensor I, switch sensor 21m, metering
unit sensor 21z, processing unit sensor 21o, communica-
tions unit sensor 21p, and/or power supply unit sensor 214.

The remote sensor 21a is arranged and configured to
measure an ambient temperature in the surroundings of the
electricity meter 2 and is therefore preferably not physically
connected to the electricity meter 2 in order to avoid a
conductive thermal energy transfer between the remote
sensor 21a and the electricity meter 2. The external sensor
214 is arranged and configured to measure an external
temperature of the electricity meter 2, in particular of the
enclosure 10, The internal sensors 21c¢ to 21f are arranged
and configured to measure internal temperatures of the
electricity meter 2 at a top wall, a front wall, a back wall, and
a side wall, respectively (see FIG. 3), on the inside of the
enclosure 10. The terminal region sensor 21g is arranged and
configured to measure a temperature in the region near or
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around the electrical terminals 12 on the inside of the
enclosure 10. The supply line sensor 21i is arranged and
configured to measure a temperature of the electrical lines 9,
in particular of the phase input line 9a. The terminal block
sensor 217 is arranged and configured to measure a tem-
perature of the terminal block 13. The input section sensor
21j, output section sensor 214, and linking section sensor 21/
are arranged and configured to measure a temperature of the
busbar 14, in particular of the active input section 14a,
preferably in the vicinity of the resistive shunt 15, the active
output section 14¢, and the neutral linking section 144,
respectively. The switch sensor 21m, the metering unit
sensor 21n, the processing unit sensor 210, the communi-
cations unit sensor 21p, and the supply unit sensor 21¢ are
arranged and configured to measure a temperature of the
supply disconnect switch 16, the metering unit 17, the
processing unit 18, the communications unit 19, and the
power supply unit 20, respectively.

Furthermore, internal conductors 22 of the electricity
meter are provided in the form of cables, wires, conducting
paths, conductor tracks, strip conductors, or alike, in order to
connect the transmission means 8, bus bar 14, in particular
the active input section 14a and the neutral linking section
144 thereof, the supply disconnect switch 16, the metering
unit 17, the processing unit 18, the communications unit 19,
the power supply unit 20, and/or the temperature sensors 21
to each other, whenever and exchange of information and/or
energy between these components and elements of the
electricity meter 2 is required. For the sake of lucidity, an
explicit illustration of internal conductors 22 connected to
the temperature sensors 21 has been omitted in FIG. 1.

FIG. 2 shows a schematic cross-sectional side view of the
electricity meter 2 in an operating environment 100 of the
electricity meter 2. Here it becomes apparent, that the
enclosure 10 of the electricity meter 2 comprises a top wall
section 10a, a bottom wall section 105, a front wall section
10c¢, and a back wall section 10d. Furthermore, the enclosure
10 is provided or complemented with terminal cover 10e
covering the electrical terminals 12. In the terminal block
13, the electrical terminals 12 are each provided with at least
one fixing elements 13a, such as a terminal screw, clamp,
latch, or alike for fixing the electrical lines 9 to the electrical
terminals 12 while establishing in electrical contact between
the electrical lines 9 and the busbar 14.

The supply disconnect switch 16, metering unit 17, pro-
cessing unit 18, communications unit 19, and power supply
unit 20 are mounted on a substrate 23, such as a printed
circuit board (PCB). The substrate 23 is mounted to the
enclosure 10, in particular the back wall section 10d thereof,
by means of mounting elements 24. The mounting elements
24 may be embodied as mounting pegs, studs, spacer bolts,
or alike.

The operating environment 100 typically comprises a
mounting structure 150 such as a wall of e.g. a building
structure an electric cabinet, or alike, an air mass 160, and
external heat sources 170, such as the sun, piping, conducts,
exhausts, or alike.

An envelope boundary 200 for defining a thermal balance
of the electricity meter 2 with respect to the operating
environment 100 is defined in order to establish a thermal
model in line with a method according to the present
invention. For example, the envelope boundary 200 extends
along the walls of the enclosure 10, in particular runs within
the top wall section 10a, the front wall section 10c¢, the back
wall section 104, and the terminal cover 10e which enclose
an inner space 25 of the electricity meter 2.
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With respect to the envelope boundary 200, certain ther-
mal energy flows pertaining to the elements and components
of the electricity meter 2 are defined for establishing a
thermal model in line with a method according to the present
invention. In the present example, the thermal energy flows
in the form of negative or positive conduction, convection,
and/or radiation heat transfers comprise a heat transfer 209
across the envelope boundary 200 via the electrical lines 9,
a heat transfer 210 across the envelope boundary 200 from
the enclosure 10 to the air mass 160 and the operating
environment 100, a heat transfer 210d across the envelope
boundary 200 from the back wall section 104 to the mount-
ing structure 150, a heat transfer 214 within the envelope
boundary 200 from the busbar 14 to the inner space 25 of the
electricity meter 2, a heat transfer 216 within the envelope
boundary 200 from the supply disconnect switch 16 to the
inner space 25 of the electricity meter 2, a heat transfer 217
within the envelope boundary 200 from the metering unit to
the inner space 25 of the electricity meter 2, a heat transfer
218 within the envelope boundary 200 from the processing
unit 18 to the inner space 25 of the electricity meter 2, a heat
transfer 219 within the envelope boundary 200 from the
communications unit 19 to the inner space 25 of the elec-
tricity meter 2, a heat transfer 220 within the envelope
boundary 200 from the power supply unit 20 to the inner
space 25 of the electricity meter 2, a heat transfer 260 across
the envelope boundary 200 due to convection of the air mass
160, and/or a heat transfer 270 across the envelope boundary
200 from the external heat source 170 to the electricity meter
2.

FIG. 3 shows an exemplary thermal performance plot 300
of a thermal model according to the present invention for
modelling a thermal behaviour the electricity meter 2. Based
on the thermal performance plot 300, a temperature curve
T300, for example representing inner temperature T25 as a
temperature of air within the inner space 25 of the electricity
meter 2 is determined. In a first phase 301 of the thermal
performance plot 300, heat transfers from internal micro-
electronic circuits of the electricity meter 2, which for
example comprise heat transfers 216, 217, 218, 219, 220
pertaining to the supply disconnect switch 16, metering unit
17, processing unit 18, communications unit 19, and/or
power supply unit 20, respectively, amounting to approx. 3
W, and lead to a slow temperature increase T301 starting
from an external ambient temperature T100 representing the
temperature of the operating environment 100.

At a first step change C301 in the thermal performance
plot 300, a sudden rise in heat generation by the bus bar 14
sets in due to a current load of 100 A being applied to the bus
bar 14 and associated parts and the primary current path of
the electricity meter 2. Thus, in a second phase 302 of the
thermal performance plot 300, a rapid temperature increase
T302 takes place due to the respective heat transfer 214 of
approx. 50 W in addition to the heat transfers 216, 217, 218,
219, 220. Towards the end of the second phase 302, a first
steady-state Q302 representing a thermal equilibrium state
between the electricity meter 2 and the operating environ-
ment 100 is reached at a temperature of approx. 78° C. after
a time period d302 of approx. 24 s between the first step
change C301 and the first steady state Q302.

At a second step change C302, a sudden drop of the
electrical load of the bus bar 14 takes place in that the current
drops from 100 A to 50 A. Accordingly, the heat transfer 214
drops to approx. 12 W in addition to the heat transfers 216,
217, 218, 219, 220. Consequently, during a third phase 303
of the thermal performance plot, a rapid temperature
decrease 303 takes place from the approx. 78° C. in the first
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steady-state Q302 to a temperature of approximately 42° C.
in a second steady-state Q303.

FIG. 4 shows an exemplary diagram illustrating effects of
thermal resistance in a thermal model according to the
present invention for modelling a thermal behaviour of the
electricity meter 2. In the present example, based on a
thermal performance plot 400, the modelled thermal behav-
iour leads to three different temperature curves T410, T420,
and T430 which are based on three different thermal resis-
tance values Rth of 0.5 K/W, 1 K/W, and 2 K/W, respec-
tively, assumed for the electricity meter 2. Commonly, the
thermal resistance values Rth are determined by the enclo-
sure 10 of the electricity meter 2, in particular by the
thickness and material properties of the wall sections 10a,
105, 10c¢, 10d, and of the terminal cover 10e with their
specific heat transfer coeflicients. The temperature curves
T410, T420, and T430, for example represent the inner
temperature T25 of the electricity meter 2.

In a first phase 401 of the thermal performance plot 400,
a heat transfer from internal microelectronic circuits of the
electricity meter 2, which for example again comprises heat
transfers 216, 217, 218, 219, 220 pertaining to the supply
disconnect switch 16, metering unit 17, processing unit 18,
communications unit 19, and/or power supply unit 20,
respectively, amounting to approx. 3 W, leads to a slow
temperature increase T411, T421, and T431 in the tempera-
ture curves 1410, T420, and T430, respectively, starting
from the external ambient temperature T100 of approx. 25°
C. representing the temperature of the operating environ-
ment 100.

At a first step change C401 in the thermal performance
plot 400, a sudden rise in heat generation of approx. 10 W,
e.g. by the bus bar 14 due to a respective current load being
applied to the bus bar 14 and associated parts in the primary
current path of the electricity meter 2, sets in. Thus, in a
second phase 402 of the thermal performance plot 400, rapid
temperature increases 1412, T422, and T432, take place in
the in the temperature curves T410, T420, and T430, respec-
tively, due to the respective heat transfer 214 of approx. 10
Win addition to the heat transfers 216, 217, 218, 219, 220.

During the second phase 402, first steady-states Q412,
Q422 and Q432 representing thermal equilibrium states
between the electricity meter 2 and the operating environ-
ment 100 are reached at temperatures of approx. 31° C., 38°
C. and 50° C. in the temperature curves 1410, T420, and
T430, respectively. The first steady-states Q412, Q422 and
Q432 are reached after time periods d412, d422 and d432 of
approx. 8 s, 22 s and 40 s, respectively, after the first step
change C401. The differences in the temperatures reached at
the first steady-states Q412, Q422 and Q432 and the differ-
ences in the time periods d412, d422 and d432 until reaching
the first steady-states Q412, Q422 and Q432, respectively,
arise from the respective different thermal resistance values
Rth of 0.5 K/W, 1 K/W, and 2 K/W assumed for the
electricity meter 2. It becomes evident that with increasing
thermal resistance, a heat sink performance of the electricity
meter 2 decreases, i.e. after a step change with rising heat
generation, equilibrium temperatures with corresponding
steady heat transfers 209, 210, 2104, 260 crossing the
envelope boundary towards 200 the operating environment
100 are reached later and are higher, the higher, the thermal
resistance value is. In other words, the lower the thermal
resistance is, the higher are the heat transfers 209, 210, 2104,
260 during the time periods d412, d422 and d432.

At a second step change C402, a sudden drop of the
electrical load of the bus bar 14 takes place. Accordingly, the
heat transfer 214 drops to approx. 1.5 W in addition to the
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heat transters 216, 217, 218, 219, 220. Consequently, during
a third phase 403 of the thermal performance plot, rapid
temperature decreases T413, T423, and T433 take place in
the in the temperature curves T410, T420, and T430, respec-
tively. In the present example, temperatures drop from
temperatures of approx. 31° C., 38° C. and 50° C. in the first
steady-states Q412, Q422 and 0432 to temperatures of
approx. 28° C., 31° C. and 38° C. in second steady-states
Q413, Q423 and Q433 for the temperature curves T410,
T420, and T430, respectively. The second steady-states
Q413, Q423 and Q433 are reached after time periods d413,
d423 and d433 of approx. 9 s, 18 s and 24 s, respectively,
after the first step change C401.

Hence, in analogy to the impact of the respective different
thermal resistance values Rth of 0.5 K/W, 1 K/W, and 2 K/'W
on the heat sink behaviour of the electricity meter 2, it
becomes evident that with increasing thermal resistance, a
heat source performance of the electricity meter 2 based on
heat transfers 209, 210, 2104, 260 crossing the envelope
boundary towards 200 the operating environment 100
decreases, i.e. after a step change with falling heat genera-
tion, equilibrium temperatures are reached later and are
higher, the higher, the thermal resistance value is. Corre-
spondingly, the lower the thermal resistance is, the higher
are the heat transfers 209, 210, 2104, 260 during the time
periods d413, d423 and d433.

FIG. 5 shows an exemplary diagram illustrating effects of
thermal capacitance in a thermal model according to the
present invention for modelling a thermal behaviour of the
electricity meter 2. In the present example, based on a
thermal performance plot 500, the modelled thermal behav-
iour leads to three different temperature curves T510, T520,
and T530 which are based on three different thermal capaci-
tance values Cth of 2 J/K, 5 J/K, and 10 J/K, respectively,
assumed for the electricity meter 2. The temperature curves
T510, T520, and T530, for example represent the inner
temperature T25 of the electricity meter 2. In the present
example, a thermal resistance Rth of 1 K/W is assumed for
the modelled thermal behaviour leads to three different
temperature curves 1510, T520, and T530. The thermal
performance plot 500 and the temperature curve T520 equal
the thermal performance plot 400 and temperature curve
T420, respectively, illustrated in FIG. 4.

In a first phase 501 of the thermal performance plot 500,
a heat transfer from internal microelectronic circuits of the
electricity meter 2, which for example again comprises heat
transfers 216, 217, 218, 219, 220, pertaining to the supply
disconnect switch 16, metering unit 17, processing unit 18,
communications unit 19, and/or power supply unit 20,
respectively, amounting to approx. 3 W, leads to a slow
temperature increase T511, T521, and T531 in the tempera-
ture curves 1510, T520, and T530, respectively, starting
from the external ambient temperature T100 of approx, 25°
C. representing the temperature of the operating environ-
ment 100. Effects of the different thermal capacitance values
Cth of 2 J/K, 5 J/K, and 10 J/K already become evident
based on the relatively low heat transfer from internal
microelectronic circuits of the electricity meter 2 alone, as
differences in the slow temperature increases T511, T521,
and T531 are significant. During the slow temperature
increases 1511, T521, and T531, temperatures rise from
T100 of 25° C. to approx. 25.5° C., 26° C., and 27° C.,
respectively, reflecting a strong effect of thermal capacitance
on the thermal behaviour of the electricity meter 2 on
temperature gradients, i.e. slopes of temperature curves.

At a first step change C501 in the thermal performance
plot 500, a sudden rise in heat generation of approx. 10 W,
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e.g. by the bus bar 14 due to a respective current load being
applied to the bus bar 14 and associated parts and the
primary current path of the electricity meter 2, sets in. Thus,
in a second phase 502 of the thermal performance plot 500,
rapid temperature increases 1512, T522, and T532, take
place in the in the temperature curves T510, T520, and T530,
respectively, due to the respective heat transfer 214 of
approx. 10 W in addition to the heat transfers 216, 217, 218,
219, 220.

During the second phase 502, first steady-states Q512,
Q522 and Q532 representing thermal equilibrium states
between the electricity meter 2 and the operating environ-
ment 100 are reached at a temperature of approx. 38° C. in
the temperature curves T510, T520, and T530, respectively.
The first steady-states Q512, Q522 and Q532 are reached
after time periods d512, d522 and d532 of approx. 8 s, 22 s
and 37 s, respectively, after the first step change C501. The
differences in the time periods d512, d522 and d532 until
reaching the first steady-states Q512, Q522 and Q532,
respectively, arise from the respective different thermal
capacitance values Cth of 2 J/K, 5 J/K, and 10 J/K assumed
for the electricity meter 2. It becomes evident that with
increasing thermal capacitance, a heat buffering perfor-
mance of the electricity meter 2 increases, i.c. after a step
change with rising heat generation, an equilibrium tempera-
ture with corresponding steady heat transfers 209, 210,
210d, 260 crossing the envelope boundary 200 towards the
operating environment 100 are reached later, the higher, the
thermal capacitance value is. In other words, the lower the
thermal capacitance is, the higher are the heat transfers 209,
210, 2104, 260 during the time periods d512, d522 and d532.

At a second step change C502, a sudden drop of the
electrical load of the bus bar 14 takes place. Accordingly, the
heat transfer 214 drops to approx. 1.5 W in addition to the
heat transtfers 216, 217, 218, 219, 220. Consequently, during
a third phase 503 of the thermal performance plot, rapid
temperature decreases T513, T523, and T533 take place in
the in the temperature curves T510, T520, and T530, respec-
tively. In the present example, temperatures drop from
temperatures of approx. 38° C. in the first steady-states
Q512, Q522 and Q532 to temperatures of approx. 31° C. in
second steady-states Q513, Q523 and Q533 for the tempera-
ture curves 1510, T520, and T530, respectively. The second
steady-states Q513, Q523 and Q533 are reached after time
periods d513, d523 and d533 of approx. 11 s, 18 s and 24 s,
respectively, after the first step change C501.

Hence, by the impact of the respective different thermal
capacitance values Cth of 2 J/K, 5 J/K, and 10 J/K on the
heat buffering behaviour of the electricity meter 2, it
becomes evident that with increasing thermal capacitance, a
heat storage performance of the electricity meter 2 based on
heat transfers 209, 210, 210d, 260 crossing the envelope
boundary towards 200 the operating environment 100
increases, i.e. after a step change with falling heat genera-
tion, equilibrium temperatures are reached later, the higher,
the thermal capacitance value Cth is. Correspondingly, the
lower the thermal capacitance value Cth is, the lower are the
heat transfers 209, 210, 2104, 260 during the time periods
d513, d523 and d533.

FIG. 6 shows an exemplary diagram illustrating effects of
electrical resistance in a primary current path of the elec-
tricity meter 2 considered in a thermal model according to
the present invention for modelling a thermal behaviour of
an electricity meter 2. In the present example, based on three
thermal performance plots 610, 620, and 630 which are
emulated based on three different electrical capacitance
values R of 0.0002 Ohm, 0.001 Ohm, and 0.005 Ohm,
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respectively, assumed for the primary current path of the
electricity meter 2. The modelled thermal behaviour leads to
three different temperature curves T610, T620, and T630,
pertaining to the electrical capacitance values R of 0.0002
Ohm, 0.001 Ohm, and 0.005 Ohm, respectively. The tem-
perature curves T610, T620, and T630, for example repre-
sent the inner temperature T25 of the electricity meter 2.

In first phases 611, 621, and 631, of the thermal perfor-
mance plot 610, 620, and 630, respectively, equal heat
transfers from internal microelectronic circuits of the elec-
tricity meter 2, which for example again comprise respective
heat transfers 216, 217, 218, 219, 220, pertaining to the
supply disconnect switch 16, metering unit 17, processing
unit 18, communications unit 19, and/or power supply unit
20, respectively, amounting to approx. 3 W, lead to uniform
slow temperature increases 1611, T621, and T631 in the
temperature curves 1610, T620, and T630, respectively,
starting from the external ambient temperature T100 of
approx. 25° C. representing the temperature of the operating
environment 100.

At first step changes C611, C621, and C631 in the thermal
performance plots 610, 620, and 630, sudden rises in heat
generation of approx. 2 W, 10 W, and 50 W, respectively, e.g.
by the bus bar 14 due to a respective current load being
applied to the bus bar 14 and associated parts in the primary
current path of the electricity meter 2, set in. Thus, in second
phases 612, 622, and 632 of the thermal performance plots
610, 620, and 630, respectively, rapid temperature increases
T612, T622, and T632, take place in the in the temperature
curves 1610, T620, and T630 due to the respective heat
transfers 214 of approx. 2 W, 10 W, and 50 W, respectively,
in addition to the heat transfers 216, 217, 218, 219, 220.

During the second phases 612, 622, and 632, first steady-
states Q612, Q622 and Q632 representing thermal equilib-
rium states between the electricity meter 2 and the operating
environment 100 are reached at temperatures of approx. 29°
C.,38° C., and 78° C. in the temperature curves 1610, T620,
and T630, respectively. The first steady-states Q612, Q622
and Q632 are reached after time periods d612, d622 and
d632 of approx. 12 s, 18 s and 37 s, respectively, after the
first step change C601. The differences in the time periods
d612, d622 and d632 until reaching the first steady-states
Q612, Q622 and Q632, respectively, arise from the respec-
tive different heat transfers 214 of approx. 2 W, 10 W, and
50 W. With increasing electrical resistance, a heat generating
performance of the electricity meter 2 increases, i.e. after a
step change with rising heat generation, equilibrium tem-
peratures with corresponding steady heat transfers 209, 210,
210d, 260 crossing the envelope boundary 200 towards the
operating environment 100 are reached later and at higher
temperatures, the higher, the electrical resistance value R is.

At a second step change C602, a sudden drop of the
electrical load of the bus bar 14 takes place. Accordingly, the
heat transfers 214 drop to approx. 1.5 W, 2 W, and 12 W in
the thermal performance plots 610, 620, and 630, respec-
tively, in addition to the heat transfers 216, 217, 218, 219,
220. Consequently, during third phases 613, 623, and 633, of
the thermal performance plots 610, 620, and 630, rapid
temperature decreases T613, T623, and T633 take place in
the in the temperature curves T610, T620, and T630, respec-
tively. In the present example, temperatures drop from
temperatures of approx. 29° C., 38° C., and 78° C. in the first
steady-states Q612, Q622 and Q632, respectively, to tem-
peratures of approx. 29° C., 28° C., and 42° C. in second
steady-states Q613, Q623 and Q633 for the temperature
curves 1610, T620, and T630, respectively. The second
steady-states Q613, Q623 and Q633 are reached after time
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periods d613, d623 and d633 of approx. 9's, 18 s and 24 s,
respectively, after the first step change C601.

Hence, with increasing electrical resistance of the primary
current path, a heat generation performance of the electricity
meter 2 based on heat transfers 209, 210, 2104, 260 crossing
the envelope boundary towards 200 the operating environ-
ment 100 increases, i.e. after a step change with falling heat
generation, equilibrium temperatures are higher and reached
later, the higher, the electrical resistance value of the primary
current path is. Correspondingly, the lower the electrical
resistance value is, the lower are the heat transfers 209, 210,
210d, 260 and respective equilibrium temperatures.

FIG. 7 shows an exemplary diagram illustrating model-
ling deviations which may occur when establishing a ther-
mal model according to the present invention for modelling
a thermal behaviour of the electricity meter 2. In the present
example, based on thermal performance plot 300 (see FIG.
3), the modelled thermal behaviour leads to three different
temperature curves 1710, T720, and T730 which are based
on nominal parameters for thermal resistance as well as
thermal capacity, incorrect thermal resistance, and incorrect
thermal capacity, respectively, assumed for the electricity
meter 2. The temperature curves T710, T720, and T730, for
example each represent the inner temperature T25 of the
electricity meter 2.

In the first phase 301 of the thermal performance plot 300,
the heat transfer from internal microelectronic circuits of the
electricity meter 2, which for example again comprises heat
transfers 216, 217, 218, 219, 220, pertaining to the supply
disconnect switch 16, metering unit 17, processing unit 18,
communications unit 19, and/or power supply unit 20,
respectively, amounting to approx. 3 W, leads to slow
temperature increases 1711, T721, and T731 in the tempera-
ture curves 1710, T720, and T730, respectively, starting
from the external ambient temperature T100 of approx. 25°
C. representing the temperature of the operating environ-
ment 100. Effects of the incorrect thermal capacitance value
already become evident based on the relatively low heat
transfer from internal microelectronic circuits of the elec-
tricity meter 2 alone, as differences in the slow temperature
increases T711, T721, and T731 are noticeable. During the
slow temperature increases T711, T721, and T731, tempera-
tures rise from T100 of 25° C. to approx. 27° C. as well as
27° C., and 27.5° C., respectively, reflecting a strong effect
of thermal capacitance on the thermal behaviour of the
electricity meter 2 on temperature gradients, i.e. slopes of
temperature curves.

At the first step change C301 in the thermal performance
plot 300, the sudden rise in heat generation of approx. 50 W,
e.g. by the bus bar 14 due to the respective current load being
applied to the bus bar 14 and associated parts and the
primary current path of the electricity meter 2, sets in. Thus,
in the second phase 302 of the thermal performance plot
700, rapid temperature increases 1712, T722, and T732, take
place in the in the temperature curves T710, T720, and T730,
respectively, due to the respective heat transfer 214 of
approx. 50 W in addition to the heat transfers 216, 217, 218,
219, 220.

During the second phase 302, first steady-states Q712,
Q722 and Q732 representing thermal equilibrium states
between the electricity meter 2 and the operating environ-
ment 100 are reached at a temperature of approx. 78° C., 71°
C., and 78° C. in the temperature curves 1710, T720, and
T730, respectively. The first steady-states Q712, Q722 and
Q732 are reached after time periods d712, d722 and d732 of
approx. 24 s, 20 s and 12 s, respectively, after the first step
change C301. The differences in the time periods d712, d722
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and d732 until reaching the first steady-states Q712, Q722
and Q732, respectively, reflect the deviations from the
nominal values assumed for the thermal resistance Rth and
the thermal capacitance Cth of the electricity meter 2.

At the second step change C302, the sudden drop of the
electrical load of the bus bar 14 takes place. Accordingly, the
heat transfer 214 drops to approx. 12 Win addition to the
heat transters 216, 217, 218, 219, 220. Consequently, during
the third phase 303 of the thermal performance plot 300,
rapid temperature decreases 1713, 1723, and 1733 take
place in the in the temperature curves T710, T720, and 1730,
respectively. In the present example, temperatures drop from
temperatures of approx. 78° C., 71° C., and 78° C. in the first
steady-states Q712, Q722 and Q732 to temperatures of
approx. 40° C., 38° C., and 40° C. in second steady-states
Q713, Q723 and Q733 for the temperature curves T710,
T720, and T730, respectively. The second steady-states
Q713, Q723 and Q733 are reached after time periods d713,
d723 and d733 of approx. 11 s, 18 s and 24 s, respectively,
after the first step change C701.

It becomes evident that deviations in thermal resistance
lead to deviations in both, a different temperature difference
dT with respect to the temperature assumed for the nominal
parameters, and a difference in time periods between a step
change and reaching a next equilibrium state, whereas
deviations of the thermal capacitance from the nominal
parameters merely leads to the latter.

FIG. 8 shows an exemplary flowchart illustrating steps of
establishing a thermal model according to the present inven-
tion for modelling a thermal behaviour of the electricity
meter 2. In a first step S1, heat generation within the
electricity meter 2 is calculated. In particular, in a first
substep Sla, heat generation in microelectronic components
and units is calculated, e.g. heat transfers 216, 217, 218, 219,
220, pertaining to the supply disconnect switch 16, metering
unit 17, processing unit 18, communications unit 19, and/or
power supply unit 20, respectively, based on a configuration
status CON, a CPU load CPU and a communications status
COM of the electricity meter 2. In a second subs step S15,
heat generation by the bus bar 14 and associated parts and
the primary current path of the electricity meter 2 is calcu-
lated while taking into account a current load A being
applied to the busbar 14, temperature T of the busbar 14
and/or the inner temperature T25 of the electricity meter 2,
and electrical resistance R of primary current path. As output
values of the first and second substeps Sla, S1b, heat
dissipation from the electricity meter 2 due to heat transfer
210 and alike crossing the envelope boundary 200 is calcu-
lated for both, the microelectronic components and the
primary current path of the electricity meter 2. In addition,
heat dissipation and/or absorption due to heat transfer 209
and alike crossing the envelope boundary 200 is calculated
for the primary current path of the electricity meter 2.

In a second step S2, the output values of step S1 along
with minimum and maximum values of the ambient tem-
perature T100 and heat transfer 270 from external heat
sources 170, temperature gradients characterising the ther-
mal behaviour of the electricity meter 2 are calculated as a
computed or emulated gradient Gec based on the thermal
modelling and a measured gradient Gm making use of
temperature sensors 21. Output values of the second step are
minimum and maximum values for the computed gradient
Gc and the measured gradient Gm.

In a third step S3, as input values, the minimum and
maximum values for the computed gradient Ge and the



US 11,644,492 B2

21

measured gradient Gm are used for computing respective
temperature gradient and/or temperature value errors and/or
deviations.

In a fourth step S4, the temperature gradient errors and/or
deviations computed in the third step S3 are checked against
respective error ranges and/or threshold values used as limits
L. If such limits L. are exceeded, then in the fifth step S5,
respective triggering signal S is generated, such that a
respective event is logged, an alarm is initiated, and/or the
supply disconnect switch 16 is actuated.

A sixth step S6 follows the fourth step S4 if it has been
decided in the fourth step S4 that the respective limits L. were
not exceeded. Then, in the sixth step S6 it is checked if any
temperature gradient and/or temperature value errors and/or
deviations are due to self heating of the electricity meter 2
as a result of heat generation in microelectronic components,
e.g. by heat transfers 216, 217, 218, 219, 220, for instance
by taking into account the configuration status CON, the
CPU load CPU and the communications status COM as well
as any required temperature value T derived from tempera-
ture sensors 21. If it is decided in the sixth step S6 that
temperature gradient and/or temperature value errors and/or
deviations are due to self heating of the electricity meter 2,
then in a seventh step S7, respective parameters, in particu-
lar heat transfers 216, 217, 218, 219, 220, the configuration
status CON, the CPU load CPU and/or the communications
status COM, used as input values in step 1, are adjusted
accordingly.

An eighth step S8 follows the sixth step S6 if it has been
decided in the sixth step S6 that temperature gradient and/or
temperature value errors and/or deviations are not due to self
heating of the electricity meter 2. Then, in the eighth step S8
it is decided, if any temperature gradient and/or temperature
value errors and/or deviations are due to heating of the
primary current path, in particular the busbar 14 of the
electricity meter 2, e.g. by taking into account respective
heat transfers 214 and any one of temperature sensors 21
associated to the busbar 14. If it is decided in the eighth step
S8 that temperature gradient and/or temperature value errors
and/or deviations are due to heating of the primary current
path, in particular the busbar 14, then in a ninth step S9, the
value of the electrical resistance R associated to the primary
current path, in particular the busbar 14, used as input value
in step 1 is adjusted accordingly.

A tenth step S10 follows the eighth step S8, if it has been
decided in the eighth step S8 that temperature gradient
and/or temperature value errors and/or deviations are not
due to heating of the primary current path, in particular the
busbar 14, of the electricity meter 2, Then, in the tenth step
S10 it is decided, if any temperature gradient and/or tem-
perature value errors and/or deviations are due to the heat
transfer 270 from external heat sources 170, in particular by
using respective temperature sensors 21 associated thereto.
If it is decided in the eighth step S8 that temperature gradient
and/or temperature value errors and/or deviations are due to
heating the heat transfer 270 from external heat sources 170,
then in an eleventh step S11, the values considered for
computing the respective heat transfer 270, in particular
outside temperatures T used as input values in step 1, are
adjusted accordingly.

A tenth step S10 follows the eighth step S8, if it has been
decided in the eighth step S8 that temperature gradient
and/or temperature value errors and/or deviations are not
due to heating of the primary current path, in particular the
busbar 14, of the electricity meter 2. Then, in the tenth step
S10 it is decided, if any temperature gradient and/or tem-
perature value errors and/or deviations are due to the heat
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transfer 270 from external heat sources 170, in particular by
using respective temperature sensors 21 associated thereto.
If it is decided in the tenth step S10 that temperature gradient
and/or temperature value errors and/or deviations are due the
heat transfer 270 from external heat sources 170, then in the
eleventh step S11, the values considered for computing the
respective heat transfer 270 are adjusted accordingly.

A twelfth step S12 follows the tenth step S10, if it has
been decided in the tenth step S10 that temperature gradient
and/or temperature value errors and/or deviations are not
due to heat transfer 270 from external heat sources 170.
Then, in the twelfth step S12 it is decided, if any temperature
gradient and/or temperature value errors and/or deviations
are due to the heat transfer 209 via the electrical lines 9, in
particular by using respective temperature sensors 21 asso-
ciated thereto. If it is decided in the twelfth step S12 that
temperature gradient and/or temperature value errors and/or
deviations are due to the heat transfer 270 from external heat
sources 170, then in a thirteenth step S13, the values
considered for computing the respective heat transfer 209
are adjusted accordingly.

In a fourteenth step S14, following the fifth step S5, the
seventh step S7, the ninth step S9, the eleventh step S11, the
twelfth step 12, and/or the thirteenth step 13, the procedure
shown in FIG. 8 is terminated and/or repeated in beginning
again from the first step S1.

FIG. 9 shows an exemplary flowchart illustrating steps of
a runtime logic of the electricity meter 2 when establishing
a thermal model according to the present invention for
modelling a thermal behaviour of the electricity meter 2. The
runtime logic are computer-readable instructions, such as
software and/or firmware, constituting at least a part of the
computer program 4, to be executed by the supply discon-
nect switch 16, metering unit 17, processing unit 18, com-
munications unit 19, and/or power supply unit 20.

In a first runtime step RS1, instantaneous temperature
values T and computed temperature gradient values Gc are
continuously generated under using formulas for thermal
capacitance Cth and thermal resistance Rth to model the
electricity meter 2, while using readings from at least one of
the temperature sensors 21, measurements of current load A,
and/or microelectronic heating estimates, in particular for
heat transfers 216, 217, 218, 219, and 220, pertaining to the
metering unit 17, processing unit 18, communications unit
19, and/or power supply unit 20, respectively.

The thermal model is based on the following three equa-
tions used for calculating temperatures T as a function of
time t:

T() = Ty x (1 — 7, (9]

wherein T(t) [K] is the instantaneous temperature during
a heating phase of the electricity meter 2, T, [K] is the final
steady state instantaneous temperature of the electricity
meter 2, and A [1/s] is a time constant resulting from a
multiplication of thermal resistance Rth and thermal capaci-
tance Cth;

T(1) = Ty x (e77), 2)

wherein T(t) [K] is the instantaneous temperature during
a cooling phase of the electricity meter 2, T, [K] is the initial
instantaneous temperature of the electricity meter 2, and A
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[1/s] is the time constant resulting from a multiplication of
thermal resistance Rth and thermal capacitance Cth; and

AT = QX Ry, 3)

wherein AT [K] is a temperature difference between two
points of an object, such as the electricity meter 2 as well as
parts, elements, or components thereof, Q [W] the heat flow
running through the object, and Rth [KM] is the thermal
resistance between the two defined points of the object, for
which thermal performance is emulated.

In a second runtime step RS2, multiple results for slight
variations in model parameters over a range of potential
model parameters, such as thermal capacitance Cth, thermal
resistance Rth, electrical resistance R, and/or microelec-
tronic heating factors, in particular for heat transfers 216,
217, 218, 219, and 220, pertaining to the metering unit 17,
processing unit 18, communications unit 19, and/or power
supply unit 20, respectively, are calculated.

In a third runtime step RS3, errors and/or deviations
between measured results and model results, i.e. measured
temperatures gradients thereof versus emulated tempera-
tures and gradients thereof, are calculated.

In a fourth runtime step RS4, model parameters are
identified, that yield the smallest error/deviation between
measured results and emulated results.

In a fifth runtime step RS5, small incremental changes are
made to the model parameters identified in the fourth
runtime step RS4, in the direction and proportional to the
identified model parameters that yielded the smallest error or
deviation. For such an adjustment, filtering may be used, for
example by applying a finite impulse response filter and/or
infinite impulse response filter.

In a sixth runtime step RS6, the identified and adjusted
model parameters from runtime step S are compared to
pre-configured range limitations to detect when the thermal
model being established is normalising to a certain thermal
model that is indicate if of an error or fault condition, such
as excessive electrical resistance in the primary current path,
in particular the bus bar 14, and/or faults in microelectronic
components.

In a seventh runtime step RS7, it is decided, whether
parameters of certain thermal model from the sixth runtime
step RS6, that indicate an error or fault condition, are out of
a particular parameter range. Therefore, the respective
model results are compared to respective threshold values. If
the respective model parameters exceed the respective
threshold values, then and error, fault and/or alarm event is
recorded, and/or an additional action is taken, such as
actuation of the supply disconnect switch 16, or alike.

In a ninth runtime step RS9, following the seventh run-
time step RS7, points of interest are determined, such as
steady-states, heating conditions, cooling conditions, and/or
any relatively large variations in thermal energy generation.

In a tenth runtime step RS10, when the points of interest
are identified in the ninth runtime step RS9, then corre-
sponding information, including underlying thermal model
parameters, such as instantaneous temperature T and tem-
perature gradients G, current loads A, microelectronic heat-
ing estimates, and alike, are recorded.

In an eleventh runtime step RS11, information and param-
eters characterising points of interest recorded during the
tenth runtime step RS 10, are used for adjusting model
parameters and weighting of respective filter values of the
finite impulse response filter and/or the infinite impulse
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response filter applied. For example, from a certain steady
state, a sudden step change in load current A to near zero and
the associated cooling provides an excellent opportunity to
adjust the thermal capacitance Cth free from any error in
estimated electrical resistance R in the primary current path.
Alternatively, or additionally, a steady state condition pro-
vides an opportunity to adjust the thermal resistance Rth
without the effect of thermal capacitance Cth complicating
the calculation. Furthermore, a change in temperature T
during a certain steady state while load current A and heating
due to microelectronic heating factors, in particular heat
transfers 216, 217, 218, 219, and 220, pertaining to the
metering unit 17, processing unit 18, communications unit
19, and/or power supply unit 20, respectively, is relatively
stable over time t, could be an indication of thermal changes
in the operating environment 100.

In a twelfth runtime step RS12, thermal model results are
again being computed, as done in the first runtime step RS
1, but now based on information and parameters recorded in
runtime step R10 during points of interest, if applicable, as
adjusted in the eleventh runtime step RS11. Analogously, in
the twelfth runtime step RS12, respective errors and/or
deviations between measured results and emulated results,
i.e. measured temperatures gradients thereof versus emu-
lated temperatures and gradients thereof, are calculated,
similar to as done in the third runtime step RS3.

Furthermore, in the twelfth runtime step RS12, small
incremental changes are made to the model parameters
recorded in the tenth runtime step RS10, and/or as adjusted
in the eleventh runtime step RS11, in the direction and
proportional to the identified model parameters that yielded
the smallest error or deviation, as done in the fifth runtime
step RS5. For such an adjustment, the adjusted filter values
may be used, as obtained by weighting of respective filter
values in runtime step 11, for example when applying a finite
impulse response filter and/or infinite impulse response
filter. In other words, from the twelfth runtime step RS 12,
information and parameters may be fed back to the first
runtime steps RS1, the third runtime step RS3, and/or the
fifth runtime step RS5, so that these steps are carried out in
an iterative manner.

In a thirteenth runtime step RS13, model parameters
obtained in previous runtime steps, in particular the twelfth
runtime step RS12, are recorded as historical values of
model parameters.

In a fourteenth runtime step RS 14, the historical model
parameters recorded in the thirteenth runtime step RS13 are
scanned in order to identify any large answers or suspicious
value and/or parameter variations.

In a fifteenth runtime step RS15, variations in the histori-
cal model parameters recorded in the fourteenth runtime step
RS14 are used to incrementally adjust range limits of model
parameters. Respective adjusted range limits can be fed back
to the sixth runtime step RS6 for the detection of error or
fault conditions based on the respective range limits.

In a sixteenth runtime step RS16, maximum variations for
each model parameter are recorded.

In a seventeenth runtime step RS17, the first to sixteenth
runtime steps RS1 to RS16, as described above, can be
repeated in order to compute thermal model results of
multiple thermal models used to represent different parts,
elements and/or components, within the electricity meter 2.
Preferably, a single thermal model comprising a single
thermal capacitance Cth and thermal resistance Rth is
required and should be sufficient for modelling thermal
behaviour of the electricity meter 2. However, in order to
improve accuracy of a method for monitoring a functional
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state of an electricity meter 2 according to the present
invention, thermal behaviour of different parts, element
and/or components within the electricity meter 2 can be
modelled as described herein.

FIG. 10 shows an exemplary flowchart illustrating steps
of a design time course thermal model discovery procedure
when establishing a thermal model according to the present
invention for modelling a thermal behaviour of the electric-
ity meter 2. The steps illustrated in FIG. 10 serve for
providing initial parameters and values to be implemented in
the method steps as described above with reference to FIGS.
8 and 9.

In a first design step DS1 of the design time course
thermal model discovery procedure illustrated in FIG. 10,
the electricity meter 2 in an un-energised state, i.e. the
electricity meter is not electrically powered, is placed in a
controlled temperature chamber (not illustrated) and
allowed to reach a thermal equilibrium state with respect to
the temperature chamber having the ambient temperature
T100.

In a second design step DS2, the meter is energised
without any load being applied to the primary current path,
and with unvarying, i.e. steady micro-electronic behaviour
to ensure that heating due to microelectronic heating factors,
in particular heat transfers 216, 217, 218, 219, and 220,
pertaining to the metering unit 17, processing unit 18,
communications unit 19, and/or power supply unit 20,
respectively, is relatively stable, preferably constant over
time.

In a third design step DS3, a series of temperature
readings from the point of time of energising the microelec-
tronic parts of the electricity meter 2 carried out in the
second design step DS2, until a point of time where the
electricity meter 2 again reaches a thermal equilibrium state
with respect to the temperature chamber, is recorded. Based
on these temperature readings, thermal resistance Rth and/or
capacitance Cth of the electricity meter 2 as well as, if
desired, any parts, elements and/or components thereof, are
calculated.

In a fourth design step DS4, microelectronic heating
factors turned on in the second design step DS2, in particular
heat transfers 216, 217, 218, 219, and 220, pertaining to the
metering unit 17, processing unit 18, communications unit
19, and/or power supply unit 20, respectively, are abruptly
eliminated by de-energising the electricity meter 2.

In a fifth design step DS5, the supply disconnect switch 16
is activated under various load conditions with altered
magnitude and phase of electrical power applied to the
primary current path, i.e. different load currents A are
applied to the active and neutral input terminals 12a, 125 of
the electricity meter 2. By applying the various load condi-
tions, a range of respective relay contact resistances of the
supply disconnect switch 16 is measured and/or derived
therefrom.

In a sixth design step DS6, impedance of the primary
current path running through the electricity meter 2 from the
active input terminal 12a to the active output terminal 12¢
thereof is measured after each switching operation of the
supply disconnect switch 16 carried out in the fifth design
step DSS.

The first design step DS1 to the sixth design step DS6 as
described above are then repeated.

In a seventh design step DS7, the electrical lines 9 are
disconnected and reattached to the electrical terminals 12
numerous times using different wire diameters for the elec-
trical lines 9.
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In an eighth design step DS8, impedance of the primary
current path running through the electricity meter 2 from the
active input terminal 12a to the active output terminal 12¢
thereof is measured after each change of the electrical lines
9 carried out in the seventh design step DS7.

In a ninth design step DS8, impedance of the primary
current path running through the electricity meter 2 from the
neutral input terminal 125 to the neutral output terminal 124
thereof is measured after each change of the electrical lines
9 carried out in the seventh design step DS7 and/or after
each switching operation of the supply disconnect switch 16
carried out in the fifth design step DS5.

The first design step DS1 to the ninth design step DS9 as
described above are then repeated.

In a tenth design step DS10, the temperature of the
controlled temperature chamber representing the ambient
temperature T100 is altered.

The first design step DS1 to the tenth design step DS10 as
described above are then repeated.

In an eleventh design step DS11, different external heat
sources 170, such as direct radiation from light and/or heat
sources for simulating solar radiation, and/or controlled air
flows are applied to the electricity meter 2, in particular to
the enclosure 10 thereof. Furthermore, the type of material
of the mounting structure 150 to which the electricity meter
2 is attached and/or a certain location of the electricity meter
2 in an electrical closet and/or at an electrical switchboard,
are or is, respectively, altered.

The first design step DS1 to the eleventh design step DS11
as described above are then repeated.

In a twelfth design step DS12, a behaviour of the micro-
electronic components of the electricity meter 2 is a varied,
in particular for varying heat transfers 216, 217, 218, 219,
and 220, pertaining to the metering unit 17, processing unit
18, communications unit 19, and/or power supply unit 20,
respectively. Such variations can be achieved e.g. by chang-
ing sample rates of the metering unit 17, changing process-
ing loads, i.e. CPU loads, of the processing unit 18, and/or
changing communication frequencies applied by the com-
plications unit 19, etc.

The first design step DS1 to the eleventh design step DS12
as described above are then repeated for the electricity meter
2. Additionally, after a desired number of repetitions of the
first design step DS1 to the eleventh design step DS12, these
steps of the design time course thermal model discovery
procedure carried out when establishing a thermal model
according to the present invention for modelling a thermal
behaviour of the electricity meter 2 can be carried out for
multiple different electricity meters 2 of the same kind
and/or of different kinds in order to provide respective model
parameters and values for a range of multiple different
electricity meters 2.

FIG. 11 shows an exemplary flowchart illustrating pos-
sible steps of an installation time course thermal model
discovery procedure when establishing a thermal model
according to the present invention for modelling a thermal
behaviour of the electricity meter 2.

In a first installation step IS1 of the installation time
course thermal model discovery procedure when establish-
ing a thermal model according to the present invention,
impedance of the primary current path running through the
electricity meter 2 from the active input terminal 12a to the
active output terminal 12¢ thereof is measured.

In a second installation step IS2, impedance of the pri-
mary current path running through the electricity meter 2
from the neutral input terminal 124 to the neutral output
terminal 124 thereof is measured
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In a third installation step 1S3, a type of the electrical lines
9 attached to the terminals 12 of the electricity meter 2 is
specified, e.g. recorded and/or selected from a predefined list
of possible types and/or diameters of the electrical lines 9 as
enabled by the firmware of the electricity meter 2.

In a fourth installation step 1S4, a type of installation of
the electricity meter 2, i.e. the type of operating environment
100, mounting structure 150 and/or external heat sources
170, for example in an electrical closet, on a wall, an
exposure to radiation sources, etc., is specified, e.g. recorded
and/or selected from a predefined list of possible types of
operating environments 100, mounting structures 150 and/or
external heat sources 170, respectively, as enabled by the
firmware of the electricity meter 2.

In a fifth installation step IS5, a current ambient tempera-
ture T100 is recorded in the electricity meter 2 as enabled by
the firmware of the electricity meter 2.

In a sixth installation step IS6, a current time, date, and/or
weather conditions at the installation site of the electricity
meter 2 are or is, respectively, recorded in the electricity
meter 2 as enabled by the firmware of the electricity meter
2.

FIG. 12 shows an exemplary diagram illustrating actual
temperature curves TA, TB, and TC of three different
electricity meters 2a, 2b, and 2¢, respectively, to be emulated
with a thermal model according to the present invention. For
example, the three temperature curves TA, TB, and TC are
emulated in line with a method according to the present
invention by carrying out respective method steps as
described above while assuming the same operational states,
i.e. current load A, configuration status CON, communica-
tions status COM, CPU load CPU, thermal capacitance Cth,
and thermal resistance Rth, for each of the electricity meters
2. Consequently, any differences in temperature values and
temperature gradients shown in FIG. 12 should be due to
different electrical resistances R of the current paths and/or
different environmental conditions of the electricity meters
2a, 2b, and 2c.

Assuming that the electricity meters 2a, 25, and 2¢ are of
the same type and are each in an operational state, respective
ranges, limits and/or thresholds which may be regarded as
being acceptable for a correct operation of the electricity
meters 2a, 2b, and 2¢ can be derived the three temperature
curves TA, TB, and TC. In particular, FIG. 12 shows
maximum slopes, i.e. emulated temperature gradients Gc of
4.3° C./min, 4.5° C./min, and 4.7° C./min, as well as
maximum temperature rises dT of 47.1° C., 49.2° C., and
47.5° C., emulated by the model for the electricity meters 2a,
2b, and 2¢, respectively, after a step change C happening
approximately at a time t of 2:01.

Consequently, it may be derived from the three tempera-
ture curves, that an acceptable range of measured gradients
Gm under the respective operating conditions extends from
4.3° C./min to 4.7° C./min, the latter constituting an upper
range limit, both constituting thresholds, i.e. an upper
threshold and a lower threshold, respectively, of a range of
maximum values of emulated gradients dGe of 0.2° C./min.
Correspondingly, an acceptable range of temperature rises
dT under the respective operating conditions extends from
47.1° C. to 49.2° C., the later constituting an upper range
limit, both constituting thresholds, i.e. an upper threshold
and a lower threshold, respectively, of a range of maximum
values of emulated temperature differences dT of 2.1° C. If
then respective measured gradients Gm and/or temperatures
T exceeded or fall below the thresholds, based on respective
trigger signals S, events may be logged, actions may be
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taken, and/or alarms may be generated by the electricity
meters 2a to 2¢ and/or a respective administration device 3.

In the alternative, it may be assumed by way of example
that that the three temperature curves TA, TB, and TC
illustrated in FIG. 12 pertain to one and the same electricity
meter 2 with the same configuration status CON, commu-
nications status COM, CPU load CPU, thermal capacitance
Cth, and supposedly thermal resistance Rth. For example,
temperature curve TA is based on temperature measure-
ments carried out by utilising at least one of the temperature
sensors 21 after a certain load current A has been applied to
the primary path of the electricity meter 2 at the step change
C. Temperature curve TB could be an emulated temperature
curve computed for an alternative load current A, which is
higher than the load current underlying temperature curve
TA. Temperature curve TC could be an emulated tempera-
ture curve computed for the same load current A underlying
temperature curve TA.

Under these alternative assumptions, it becomes evident,
that based on thresholds derived from a range of temperature
gradients and temperature values between the two emulated
temperature curves TB and TC alone, a faulty functional
state or any hint thereto could not be detected because the
measured maximum temperature gradient Gm of 4.5°
C./min in temperature curve TB lies well within the two
emulated maximum temperature gradients Ge of 4.3° C./min
and 4.7° C./min in temperature curves TA and TC, respec-
tively. Also, the maximum measured temperature rise dT of
47.5° C. at a time t of 4:20 in temperature curve A lies well
within the two emulated temperature rises 47.1° C. and
49.2° C. at that point of time in the two emulated tempera-
ture curves TA and TC, respectively.

However, taking into account that under the alternative
assumptions, temperature curve TA has been measured with
the same current load A as underlying the emulated tem-
perature curve TC, then the higher measured temperature
rise dT of 47.5° C. in temperature curve TA at the time of
4:20 exceeding the emulated temperature rise dT of 47.1° C.
at that point of time in temperature curve TC by a relative
temperature difference AT of 0.4° C. between the two
temperature curves at that point of time could hint to a faulty
state or could at least indicate a tendency towards the
development of a faulty state. Moreover, if a maximum
relative temperature difference AT of approx. 4° C. between
temperature curves TA and TC at the point of time t around
3:47 is taken into account, where the measured temperature
T almost reaches the temperature in temperature curve TB
emulated under assuming are higher current load A than that
underlying temperature curve TA, then the deviations
between temperature curves TA and TC under the alternative
assumptions clearly indicate that certain parameters of the
electricity meter 2 are out of range. It would then have to be
assessed by applying method steps as laid down above,
whether the deviations are based on modelling errors,
whether the deviations are based on differences in ambient
conditions, or whether indeed, the excessive heat rise in
temperature curve TA indicates an increase in electrical
resistance R of the primary current path of the electricity
meter and/or microelectronic components, which may be
due to a deterioration of electrical connections within the
primary current path and/or the microelectronic compo-
nents, respectively, and could therefore constitute a faulty
state of the electricity meter 2.

Deviations from the above-described embodiments are
possible within the scope of the present invention.

The electricity metering system 1 may comprise electric-
ity meters 2, 2a, 2b, 2¢, administration devices 3, computer
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programs 4, computer-readable data carriers 5, data carrier
signal 6, energy and/or information transmission lines 7,
transmission means 8, and/or electrical lines 9, 9a, 95, 9¢, 94
in any number and form required for implementing a desired
configuration for operating, monitoring and/or controlling
the electricity metering system 1 and in particular any
electricity meters 2, 2a, 2b, 2¢ therein.

The electricity meter 2 may be provided with an enclosure
10 having wall sections 10a, 105, 10¢, 104, terminal covers
10e, bottom sections 11, electrical terminals 12, 12a, 125,
12¢, 124, terminal blocks 13, fixing element 134, bus bars 14
with sections 14a, 14b, 14c¢, 144, resistive shunts 15, supply
disconnect switches 16, switch input lines 16a, switch
output line 165, metering unit 17, metering input lines 17a,
metering output lines 175, processing unit 18, communica-
tions units 19, power supply units 20, temperature sensors
21, 21a to 214, internal conductors 22, substrates 23, mount-
ing elements 24, and/or inner spaces 25 in any number and
form required for performing desired functions.

Hence, the present invention is not limited to electricity
meters 2 with electrical terminals 12, 12a, 125, 12¢, 12d as
described herein, but can also applied to e.g. so-called socket
meters having contact elements or terminals embodied as
blades that slot into a socket that is part of a base assembly
affixed to the wall or distribution board, which allows a fast
replacement of such socket meters and avoids cabling
adjustments. In such a setup, the present invention can be
implemented within the socket meter, the base assembly
including the socket, or a combination thereof. Socket
meters may suffer from high resistance contacts on the
blades and/or sockets interfacing the socket meter. For any
parts or elements associated to the interfacing, analogous
issues with regard to contact resistances and heat generation
may arise as described herein with reference to the electrical
lines 9, 9a, 95, 9¢, 94, electrical terminals 12, 12a, 1256, 12¢,
124, respective fixing elements 13, such as contact springs,
and the connections therebetween.

The administration device 3, transmission means 8,
metering unit 17, processing unit 18, communication unit
19, power supply units 20 and/or temperature sensors 21,
21a to 21¢g may comprise any kind of electronic data
processing, storage, interface and/or operation means in any
number and form desired. The energy and/or information
transmission lines 7, transmission means 8 and/or internal
conductors 22 can be embodied as any kind of wired and/or
wireless means for transferring energy, in particular electri-
cal energy, and/or information, such as analogue and/or
digital data, including any kind of computer software pro-
grams, interfaces, modules and/or functions, as well as
communication systems, such as e.g. the Global System for
Mobile Communications (GSM), DLMS/COSEM, Power-
line communication (PLC), and alike.

The functions performed by the elements, units and
modules of the metering system 1 may be implemented as
hardware and/or software in order to be carried out by a
single entity and/or multiple entities within the electricity
meter 2 and/or the administration device 3. The electricity
meter 2 and/or administration device 3 may therefore com-
prise at least one computer, (micro)processor or other type
of processor, and at least one computer-readable medium,
such as the computer readable data carrier 5, which may be
embodied as any kind of internal and/or external RAM
and/or ROM memory device or data storage as well as
corresponding permanent or non-permanent computer and/
or machine-readable media, including but not limited to e.g.
cloud storage devices, microchips, flash drives, EEPROM,
magnetic disks, cards, tapes, and drums, punched cards and
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paper tapes, optical discs, barcodes, smart codes, and/or
magnetic ink characters, that stores computer-readable pro-
gram code (e.g., software or firmware), such as the computer
program 4, executable by the (micro)processor, logic gates,
switches, interfaces, gateways, transceivers, an application
specific integrated circuit (ASIC), a programmable logic
controller, and/or an embedded microcontroller, for
example. In particular, the electricity meter 2 and/or the
administration device 3 may be configured to perform any
kind of measurement, computation, calculation, processing,
generation, determination, decision, monitoring and/or con-
trol step as described herein.

The at least one thermal model according to the present
invention may comprise simplified thermal models and/or
sophisticated thermal models as required for modelling
thermal performance of the electricity meter 2 and/or of
elements, parts and/or components thereof, as well as of the
operating environment 100 with respective mounting struc-
tures 150, air mass 160, and/or external heat sources 170.
According to the required degree of sophisticatedness of the
thermal model, the envelope boundary 200 and respective
heat transfers 209, 210, 2104, 214, 216, 217, 218, 219, 220,
260, 270 may be considered for any of the elements, parts,
and/or components of the electricity meter 2. For modelling
the thermal behaviour, any kind of thermal performance
plots with respective phases, step changes, steady states,
periods of time, as well as temperature values, gradients, and
temperature curves with respective temperature increases
and/or temperature decreases may be used, while any com-
bination of the temperature curves may constitute a set of
temperature curves.

Accordingly, a method according to the present invention
may comprise steps S1 to S14, design steps DS1 to DS12,
installation steps IS1 to IS6, and/or runtime steps RS1 to
RS17 as required and in any number and form desired to
model thermal behaviour of the electricity meter 2, 2a, 25,
2¢ as well as of the operating environment 100 in order to
monitor a functional state of the electricity meter 2.

Besides electricity meters 2 as described herein, a method
according to the present invention as well as corresponding
systems 1 comprising administration devices 3, computer
programs 4, computer readable data carriers 5, data carrier
signal is 6, energy and/or information transmission lines 7,
transmission means 8, and/or electrical lines 9 may be used
to monitor a functional state of any kind of electrical
appliances, apparatuses, and/or devices, such as household
devices, computers, transformers, generators, motors, or
alike, in particular devices with a relatively large power
input, throughput and/or output. Respective electrical appli-
ances, apparatuses, and/or devices themselves and/or
respective administration devices may be configured to carry
out a method according to the present invention.

Reference Signs

1 electricity metering system
2 electricity meter

2a electricity meter A

2b electricity meter B

2¢ electricity meter C

3 administration device

computer program

computer-readable data carrier

data carrier signal

energy and/or information transmission line
transmission means

electrical line

phase input line
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-continued

Reference Signs

Reference Signs

260

300
301
302
303
400
401
402

neutral input line
phase output line
neutral output line
enclosure

top wall section
bottom wall section
front wall section
back wall section
terminal cover
bottom section
electrical terminal
active input terminal
neutral input terminal
active output terminal
neutral output terminal
terminal block

fixing element

bus bar/primary current path
active input section
active linking section
active output section
neutral linking section
resistive shunt

supply disconnect switch
switch input line
switch output line
metering unit
metering input line
metering output line
processing unit
communications unit
power supply unit
temperature sensor
remote sensor
external sensor
internal top sensor
internal front sensor
internal back sensor
internal side sensor
terminal region sensor
terminal block sensor
supply line sensor
input section sensor
output section sensor
linking section sensor
switch sensor
metering unit sensor
processing unit sensor
communications unit sensor
supply unit sensor
internal conductor
substrate

mounting element
inner space

operating environment
mounting structure

air mass

external heat source
envelope boundary
heat transfer

heat transfer

heat transfer

heat transfer

heat transfer

heat transfer

heat transfer

heat transfer

heat transfer

heat transfer

heat transfer

thermal performance plot
first phase

second phase

third phase

thermal performance plot
first phase

second phase

10 612

15 630

20

25 ds32

30 d632

35 d732

40

45 C622

50 Q422

55 Q522

60 Q622

65 Q722

third phase

thermal performance plot

first phase

second phase

third phase

thermal performance plot

first phase

second phase

third phase

thermal performance plot

first phase

second phase

third phase

thermal performance plot

first phase

second phase

third phase

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

period of time

first step change

second step change

first step change

second step change

first step change

second step change

first step change

second step change

first step change

second step change

first step change

second step change

first steady-state/equilibrium
second steady-state/equilibrium
first steady-state/equilibrium
first steady-state/equilibrium
first steady-state/equilibrium
second steady-state/equilibrium
second steady-state/equilibrium
second steady-state/equilibrium
first steady-state/equilibrium
first steady-state/equilibrium
first steady-state/equilibrium
second steady-state/equilibrium
second steady-state/equilibrium
second steady-state/equilibrium
first steady-state/equilibrium
first steady-state/equilibrium
first steady-state/equilibrium
second steady-state/equilibrium
second steady-state/equilibrium
second steady-state/equilibrium
first steady-state/equilibrium
first steady-state/equilibrium
first steady-state/equilibrium
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-continued

Reference Signs

Reference Signs

1S6
RS1
RS2

second steady-state/equilibrium
second steady-state/equilibrium
second steady-state/equilibrium

inner temperature

ambient temperature
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
temperature curve

slow temperature increase
rapid temperature increase
rapid temperature decrease
first design step

second design step

third design step

fourth design step

fifth design step

sixth design step

seventh design step

eighth design step

ninth design step

tenth design step

eleventh design step
twelfth design step

first installation step
second installation step
third installation step
fourth installation step
fifth installation step

sixth installation step

first runtime step

second runtime step
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RS3 third runtime step
RS4 fourth runtime step
RS5 fifth runtime step
RS6 sixth runtime step
RS7 seventh runtime step
RS8 eighth runtime step
RS9 ninth runtime step
RS10 tenth runtime step
RS11 eleventh runtime step
RS12 twelfth runtime step
RS13 thirteenth runtime step
RS14 fourteenth runtime step
RS15 fifteenth runtime step
RS16 sixteenth runtime step
RS17 seventeenth runtime step
S1 first step
Sla first substeb
S1b second substep
S2 second step
S3 third step
sS4 fourth step
S5 fifth step
S6 sixth step
S7 seventh step
S8 eights step
S9 ninth step
S10 tenth step
S11 eleventh step
S12 twelfth
S13 thirteenth step
S14 fourteenth step
A current load
C step change
CON configuration status
COM communications status
CPU CPU load
Cth thermal capacitance
dT temperature difference/range
dt time difference
dG gradient difference/range
G gradient
Ge computed/emulated gradient
Gm measured gradient
L limit/threshold
Q heat transfer/heat flux
R electrical resistance
Rth thermal resistance
S triggering signal
T temperature
t time
TA temperature curve meter A
B temperature curve meter B
TC temperature curve meter A
AT relative temperature difference

The invention claimed is:
1. A method of monitoring a functional state of an
electricity meter, comprising the steps of:

generating at least one temperature signal from which an
actual temperature value of the electricity meter can be
derived; and

determining whether the actual temperature value and/or
a gradient thereof exceeds at least one threshold value,

wherein the at least one threshold value is being derived
from at least one predefined temperature curve repre-
senting predefined temperature values of the electricity
meter over time according to a modelled thermal
behaviour of the electricity meter, wherein the at least
one predefined temperature curve is readjusted over
time, thereby providing moving or rolling thresholds or
limits for respective temperature values and/or gradi-
ents.
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2. The method according to claim 1, wherein the method
further comprises the step of generating a triggering signal
if the actual temperature value and/or a gradient thereof
exceeds the at least one threshold value.

3. The method according to claim 1, wherein the method
further comprises the step of adjusting the at least one
predefined temperature curve and/or to select the at least one
predefined temperature curve from a set of predefined tem-
perature curves according to a certain operational state
and/or according to a certain operational condition of the
electricity meter.

4. The method according to claim 1, wherein the method
further comprises the step of identifying at least one point of
interest in the at least one predefined temperature curve, the
at least one point of interest relating to certain operational
conditions of the electricity meter.

5. The method according to claim 1, wherein an electrical
resistance in a primary current path within the electricity
meter is associated to the at least one predefined temperature
curve and/or derived from the actual temperature value
and/or gradient thereof.

6. The method according to claim 1 wherein the method
further comprises the step of establishing at least one
thermal model for modelling thermal behaviour of the
electricity meter, the at least one thermal model comprising
the at least one predefined temperature curve.

7. The method according to claim 6, wherein upon iden-
tification of certain errors, trends, patterns or correlations
between the actual temperature value and/or the gradient
thereof, and the at least one predefined temperature curve, at
least one parameter of the thermal model is automatically
adjusted by machine learning.

8. The method according to claim 6, wherein the step of
establishing the at least one thermal model includes the step
of defining at least one equilibrium state which the electric-
ity meter assumes during operation, the at least one equi-
librium state representing a thermal equilibrium of the
electricity meter in dependence of at least one electrical load
running through the electricity meter, and of environmental
conditions existing in an environment of the electricity
meter.
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9. The method according to claim 6, wherein the step of
establishing the at least one thermal model includes the step
of defining at least one heating behaviour and/or at least one
cooling behaviour of the electricity meter based on at least
one functional step response of the electricity meter to a
change in a functional state and/or operational state of the
electricity meter.

10. The method according to claim 6, wherein the step of
establishing the thermal model involves the step of deter-
mining at least one thermal resistance value and/or the step
of determining at least one thermal capacitance value of the
electricity meter.

11. The method according to claim 6, wherein the step of
establishing at least one thermal model is carried out for at
least two different types of operating conditions of the
electricity meter and/or at least two different types of elec-
tricity meters.

12. A computer program for monitoring a functional state
of an electricity meter, comprising instructions which, when
the computer program is executed by an electricity meter
and/or an administration device in an electricity metering
system, cause the electricity meter and/or the administration
device to carry out the steps of a method according to claim
1.

13. A computer-readable data carrier having stored
thereon the computer program of claim 12.

14. A data carrier signal carrying the computer program of
claim 12.

15. An electricity meter configured to carry out the
method of claim 1.

16. An electricity metering system, in particular an
Advanced Metering Infrastructure (AMI), comprising at
least one electricity meter according to claim 15.

17. An electricity metering system, in particular an
Advanced Metering Infrastructure-(AMI), comprising at
least one administration device configured to carry out the
method of claim 1.



